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Abstract 
Natural enzymes are outstanding biological catalysts that can speed up biochemical 
reactions by converting substrates into products. Although efficient, the intrinsic drawbacks of 
enzymes, such as high cost in preparation, purification and storage as well as low operational 
stability restricts their applications in the industry. To overcome these restrictions, there is a 
growing interest in developing artificial enzymes with similar functions to natural enzymes. In 
the last decade, a new dimension of research has emerged where nanomaterials have been 
recognised as a viable alternative to natural enzymes. These nanomaterials possess intrinsic 
enzyme-like activity and are more commonly referred to as “NanoZymes”. Although much 
progress has been made to explore new NanoZymes for a multitude of applications, few efforts 
have been made to improve the catalytic efficiency of NanoZymes. Knowing this challenge, 
this thesis attempts to improve the catalytic efficiency of NanoZymes by changing the 
morphological characteristics (Chapter III), using light as an external trigger to modulate the 
NanoZyme activity (Chapter IV) and incorporating the NanoZymes on 3D templates 
(Chapter V).  
Chapter III demonstrates the ability of peroxidase-mimic copper sulfide (CuS) 
nanosheets to efficiently minimise bacterial growth. Firstly, two-dimensional (2D) CuS 
nanosheets were synthesised using a liquid phase exfoliation approach. The 2D morphology of 
CuS provides access to a large number of catalytic active sites that accelerates the reaction 
kinetics through enhanced production of hydroxyl radical, a highly reactive oxygen species 
(ROS).  This enhanced ROS generation by CuS NanoZyme was used to control the growth of 
both Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria. 
Furthermore, when challenged with biofilm producing bacteria, the enhanced ROS production 
effectively broke down existing biofilms as well as prevented new biofilm formation. In a 
nutshell, this study recognised the importance of nanoparticle morphology to accelerate the 
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catalytic NanoZyme activity. Chapter IV was built upon this knowledge, where the 
antibacterial activity was controlled by developing a photoactive NanoZyme where the activity 
could be controlled by using light as a “trigger”. This is because light offers high 
spatiotemporal resolution without the need for a physical contact. This chapter describes the 
synthesis of semiconducting copper oxide nanorods (CuO NRs), where the favourable energy-
band structure allows its stimulation by visible light (λ ≥ 400 nm). Light irradiation modulates 
the peroxidase-mimic catalytic performance of CuO NRs by enhancing its affinity to H2O2, 
thereby remarkably accelerating the generation of ROS by 20 times. This NanoZyme-mediated 
enhanced ROS production leads to improved antibacterial performance against Gram-negative 
bacteria E. coli. 
 The use of high concentrations of NanoZymes enhance the catalytic activity in the sensor. 
But high concentrations of NanoZymes can interference in the visible measurement of the 
sensor response. This has been recognised as a major limitation in sensor development. This 
limitation was overcome by developing a free-standing NanoZyme where the active 
nanoparticles were embedded on to a 3D template. Chapter V outlines the deposition of 
peroxidase-mimic Ag nanoparticles within the 3D matrix of a cotton fabric to act as a free-
standing NanoZyme for the rapid detection of glucose in biological fluids. The ability to 
immobilize NanoZymes on highly absorbent surfaces allows the catalyst to be removed from 
the reaction medium, while also allowing a high number of NanoZymes to participate in the 
reaction. The availability of a high amount of NanoZymes accelerates the catalytic reaction to 
completion within minutes. The practical applicability of this system was establihsed by 
detecting glucose in urine samples from a healthy and diabetic person and comparing the results 
with a commercial glucometer and with a well-known glucose oxidase-peroxidase (GOx-POD) 
approach which is currently used as the laboratory gold standard. 
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Chapter 1  
Introduction 
 
 
 
 
 
This chapter gives an overview of the nanotechnology arena, providing a brief history, followed 
by various synthesis approaches of nanomaterials and their applications in different fields. 
Specifically, the applications of nanomaterials as catalyst is discussed in details with particular 
focus on the enzyme-mimic catalytic behaviour of nanomaterials, commonly known as 
“NanoZymes”. Further, the chapter then discusses various types of NanoZymes and their 
potential applications in antibacterial and biosensing. With the available literature, the research 
gaps in this field have been discussed and the motivation for the research work presented in this 
thesis is given. Towards the end, a chapter-wise breakdown of the thesis is presented and a brief 
description of the content in each chapter is included. 
Page 4 Chapter 1 
1.1 Introduction to Nanotechnology 
It’s been about fifty years since nanotechnology has emerged as a well-accepted branch 
of science. The concept of nanotechnology was first presented by Nobel laureate Richard 
Feynman in 1959 through an influential speech “There’s plenty of room at the bottom”, in 
which he indicated the concept of “miniaturisation” that holds tremendous scope in future 
technologies.1 In the talk, he discussed the idea of fabricating miniature factories with 
nanoscale materials constructed by atoms and molecules.2 After coining this first idea of 
nanotechnology, it took a couple of decades to raise public consciousness regarding 
nanotechnology and the significance got revived shortly after the discovery of the scanning 
tunnelling microscope in 1981.3-4 The origin of nanotechnology received recognition from a 
number of key events. For instance, introducing the term ‘nanotechnology’ by Taniguchi in 
1974 and the publication of Drexler’s visionary Engines of Creation in 1986.5-7 
Nanotechnology involves the generation and exploitation of materials featuring 
structural patterns possessing at least one dimension within the nanometre range. The word 
‘nano’ originated from the Greek word ‘νάνος’ which means ‘dwarf’ and it represents a unit of 
one-billionth of the base. According to the USA National Nanotechnology Initiative (NNI), 
nanotechnology emerges as a technological advancement at the length scale ranging between 
1-100 nanometres.8 As specified by the International Organisation for Standardisation (ISO), 
nanoparticles can be defined as particles possessing all dimensions in a range of 1-100 
nanometres.9-10 Of all the branches of science, nanotechnology can be described as the 
combination of a set of technological processes rather than any separate discipline of science 
and engineering. For both organic and anthropogenic systems, nanotechnology play a vital role 
in the primary level of atomic as well as the molecular composition of materials. In a broader 
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sense, nanotechnology can be described as a multidisciplinary field combining major fields 
like physics, chemistry, biology, material engineering and electronics etc.11 
 
Figure 1.1: Schematic presentation of the two popular approaches commonly used in 
nanomaterial synthesis. The image is adopted from Habiba et al. (2014) and reprinted with the 
permission from One Central Press.12 
The field of nanotechnology gained significant importance as the properties of these 
materials are significantly different from their bulk counterparts. The synthesis and application 
of nanomaterials largely depends on its unique physic-chemical properties that are highly 
influenced by a number of factors, including the size, shape, atomic composition, structural 
features, interface, structural defects etc.12-16 One strategy to modulate the characteristics of the 
nanoparticles is through synthesis strategies. The fabrication of nanoparticles majorly relies 
two approaches viz.  ‘top-down’ and ‘bottom-up’ that can generate sub-micron sized 
nanostructures as depicted in Figure 1.1.17-18 Top-down synthesis approach involves the 
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miniaturisation of larger components into smaller units by the removal of crystal planes present 
on the substrate. In a simple version, it can be described as an approach involving the 
withdrawal of building blocks from a bulk material, thus forming nanostructures. Typical 
examples of top-down approach include various lithographic techniques like photolithography, 
electron beam lithography etc. where nano-scale components are etched out from a bulk 
sample. Some other examples of this approach are ball milling, anodisation, severe plastic 
deformation, anode and plasma etching through masking etc.19-20 In contrast, bottom-up 
approach is based on the concept of stacking atoms gradually onto each other resulting in the 
formation of crystal planes which further undergo stacking steps, thus giving rise to 
nanostructures. Typical examples of this approach include the formation of quantum dots 
during epitaxial growth, synthesis of metal nanoparticles by reducing the corresponding metal 
salts using a reducing agent, sol-gel processing, nano-structural precipitation directed through 
chemical/electrochemical means, laser pyrolysis, plasma or flame spraying synthesis, bio-
assisted synthesis, chemical vapour deposition etc.20-21  
Irrespective of the approach, the synthesis of nanoparticles can also be largely 
categorised based on their synthesis route viz. physical, chemical and bio-assisted methods, as 
summarised in Figure 1.2. Physical routes for nanomaterial synthesis typically involves a 
bottom-up approach where synthesis occurs through the use of mechanical pressure, electrical 
energy and/or radiation which result from condensation, abrasion, melting or evaporation.22 
Although much work has been done on fabricating nanomaterials using physical routes, the 
need for expensive instrumentation and high temperatures and pressures may have some 
limitations. However, a significant advantage of this route is that the nanomaterial does not 
have any chemical species present on the surface. This may therefore benefit further use in its 
applications.   
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Figure 1.2: Flow-chart presenting various methods commonly applied for nanomaterials 
synthesis. 
Chemical methods of nanomaterials synthesis utilises bottom-up approaches where the 
metal salt is either reduced, oxidised or hydrolysed using chemical agents in the either liquid 
or gas phase. One advantage of this process is that the synthesis protocol could be tailored 
easily to generate nanoparticles with uniform size, shape, morphology, geometry and surface 
area.23 Few examples of this routes are sol-gel method, liquid co-precipitation method, 
hydrothermal method, reverse micelles etc.  
Another strategy is to use biological entities such as bacteria, viruses, plants and plant 
extracts for the synthesis of nanoparticles. This approach utilises biological systems for 
example bacteria, virus, fungi, yeast, plant extracts, actinomycetes etc. to synthesize metal and 
metal oxide-based nanoparticles.22-24 Similar to chemical methods, the proteins, peptides and 
enzymes present in thesis biological entities results in the reduction, oxidation or hydrolysis of 
metal salts to synthesise the corresponding nanomaterials. These routes have been suggested 
to be environment friendly and cost-effective. Although, each of the aforementioned synthesis 
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routes have their advantages, the choice of fabrication is based on the quality and characteristics 
of the nanomaterials required. 
1.2 Applications of nanotechnology 
 
Figure 1.3: A research outcome published by Thomson Reuter revealing the ascending trend 
in the total number of yearly publications in the nanotechnology field since 1987. The image 
is adopted and imprinted with the permission from Thomson Reuters’ Web of Knowledge 
database.25 
The growing importance of nanotechnology in the 21st century13 is reflected from the 
annual number of publications (an illustration is provided in Figure 1.3). Given the fact that 
nanomaterials of different shape, size and composition leads to unique and interesting 
properties, their growing use in a number of applications has resulted in an explosion of 
research. Some of the areas where introduction of nanotechnology has had large implications 
are in the manufacturing of antimicrobial and superhydrophobic textiles, pathogen detection, 
advanced food packaging, targeted drug delivery, blood purification, light-transmission 
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regulating windows and self-cleaning, nanomedicine, environment and agriculture, chemistry, 
heavy industries, homeland security and many more (Figure 1.4).26-28 
 
Figure 1.4: Applications of nanotechnology in different fields. The image is adopted from Khan 
et al. (2013) and imprinted with the permission from Oriental Scientific Publishing Company.29 
One application that the current thesis is focussed on is the area of catalysis. Catalysts 
are a class of chemicals that accelerate a chemical reaction while themselves remain to be 
unused in the reaction. In detail, the mechanism of the acceleration of the reaction rate by a 
catalyst is mediated through lowering the activation energy accompanied by the regeneration 
of the catalyst.30 Thus, thermodynamically unfavourable reactions can take place in the 
presence of a catalyst. As a catalyst is not consumed during the course of the reaction, a single 
catalyst is able to catalyse the generation of millions of product molecules. Based on the role 
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of catalysts, they are divided into two major pathways viz. homogeneous and heterogeneous.31-
33 Homogenous catalysis refers to reactions where the catalyst is in the same phase as the 
reactants. A typical example of homogenous catalysis is the use of organometallic or non-
organometallic complexes as catalyst to drive reactions. Such catalysts are regularly used in 
several industrial processes. In contrast, heterogeneous catalysis refers to reactions where the 
phase of the catalyst is different from the phase of the reactant molecules. This involves the 
adsorption of the catalyst on to a support. One of the main advantages of this is that the catalyst 
can be separated from a reaction mixture. Irrespective of the pros and cons, the use of catalyst 
in industrial applications is well documented.  
The introduction of nanoparticles has significantly influenced the use of catalysts in 
industrial, chemical manufacturing and energy conversion sectors.31 Owing to the 
heterogeneity and variation in the size and shape of the structure, nanomaterials also exert 
diversified catalytic functions. A range of materials including silica, aluminium, titanium 
dioxide, iron oxide etc. have been utilised as nanocatalysts.30-31 These nanocatalysts show the 
benefits of both heterogeneous and homogenous catalysts, such as high catalytic performance 
and selectivity, high stability and ease of recovery or recyclability. In addition, specific 
reactivity can also be achieved through the surface functionalisation of these nanomaterials. In 
fact, nanocatalysts have sometimes been classified as “semi-heterogeneous” in nature while 
some stated as a distinct category as it mitigates the gap between conventional homo- and 
heterogeneous catalysts.34-35  
Enzymes are biological catalysts that drive several reactions within biological systems 
with high efficiency and specificity. In fact, it has been suggested that enzyme possess 
properties of both homogenous and heterogenous catalysts. This has led to a belief that 
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enzymes could be classified in a separate category. The next section provides a detailed 
overview of enzyme catalysts and the use of nanomaterials as enzyme-mimic catalysts.    
1.3 NanoZymes: Next-generation artificial enzymes 
1.3.1 Introduction to NanoZymes 
Natural enzymes are biological catalysts that speed up the rate of reaction in living 
organisms. Typically, they exhibit high substrate specificity and high selectivity mainly due to 
their distinct functional groups present in the active sites. However, in general, natural enzymes 
lose their activity at extreme pH and high temperature. This is mainly because, natural enzymes 
have a specific 3D orientation, which gets denatured due to breaking of bonds at extreme 
conditions. Due to the loss of the 3D orientation, the active site is then exposed or lost leading 
to the loss of the catalytic activity. It was in fact the advancement of protein crystallography in 
the 1970s that provided evidence of the important role of active sites in driving specific 
reactions within biological systems.36-37 Additionally, the high cost of synthesis, purification, 
and specific storage conditions limit their applications in industry.38-39 These limitations have 
seen significant efforts to look for alternative materials that can be used as an efficient, robust, 
and low-cost materials that could potentially replace the functions of natural enzymes.   
The concept of artificial enzyme was first brought in light by Breslow and since then 
mimetic enzymes have been in the centre of attraction and widely investigated.40 The field of 
biomimetic chemistry first saw the use of hemin, cyclodextrin, porphyrin, hematin, metal 
complexes and various biomolecules such as nucleic acids and proteins for their enzyme-mimic 
activity.41-43 These molecules were known to mimic the structure and function of natural 
enzymes. Following this discovery, remarkable progress has been made in the field of artificial 
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enzymes. The schematic in Figure 1.5 shows a timeline of the progress right from the discovery 
of natural enzymes to the progress in discovering artificial enzymes.  
 
 
Figure 1.5: Schematic timeline showing the evolution and development of artificial enzymes 
and NanoZymes emerged after natural enzymes. The image is adopted from Wei et al. (2013) 
and imprinted with the permission from RSC publishing.44 
A more recent discovery that nanoparticles such as fullerene derivatives, gold 
nanoparticles, rare earth nanoparticles and ferromagnetic nanoparticles were reported to show 
enzyme-mimic activity. Although nanomaterials were initially named depending on the 
enzyme-mimic activity, the term “NanoZyme” was coined by Scrimin, Pasquato and co-
workers.45 In spite of the fact that natural enzymes are proteinaceous compounds possessing 
different size and structure than nanomaterials and also comparatively softer texture, they share 
some similarities in terms of the overall size and surface charge which might be the key to the 
intrinsic enzyme-mimic ability of nanoparticles. NanoZymes also exhibit superiority over 
natural enzymes in terms of low synthesis expense, higher stability, ease of bulk production, 
tolerance to harsh environmental condition, long-term storage capability and size/structural 
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composition dependent catalytic activity etc.46-48 In addition, the enzyme-mimic catalytic 
activity of the NanoZyme could be modulated by the shape/composition/structure of the 
nanoparticles; the availability of greater surface area could potentially pave the way for 
bioconjugation and other modifications to integrate targeting functions, ability to generate 
well-tuned response to external stimuli and capable of being self-assembled etc.44, 49-50 A 
schematic showing different types of NanoZyme activity is presented in Figure 1.6. 
 
Figure 1.6: Schematic showing different types of NanoZyme activity. 
Looking back at the history of NanoZyme s, the first report of the intrinsic peroxidase-
mimic activity of ferromagnetic nanoparticles started the field of NanoZymes. Following this 
report, a wide range of metal, metal oxide, metal sulfide and other nanomaterials have been 
reported for their enzyme-mimic activity. These enzyme activities range from peroxidase, 
glucose oxidase, oxidase, superoxide dismutase, haloperoxidase, sulfite oxidase etc.44, 51 With 
such significant progress, it is unsurprising to see that the NanoZymes have already found 
wide-spread applications in biosensors, environmental treatment, disease control and 
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therapeutics (Figure 1.7).47, 52-55 Apart from biosensing and medical diagnostics, these 
NanoZymes have found extensive applications in different areas of nanobiotechnology, for 
example, pharmaceutical processes, enzyme-free immunoassays, food industries, 
neuroprotection and stem cell growth, environmental pollutant removal etc. through a variety 
of enzyme mimicking properties which categories will be discussed in detail in the upcoming 
sections.47, 56-57 Further, detailed studies suggested that the enzyme-mimic property of 
nanomaterials was due to their ability to generate or scavenge reactive oxygen species (ROS).50 
For instance, platinum (Pt) and palladium (Pd) nanomaterials show superoxide radical 
scavenging capability leading to the further application of these nanoparticles as superoxide 
dismutase (SOD) mimics.44, 58-59 On the other hand, gold (Au) nanoparticles are well-known to 
mediate the catalytic decomposition of hydrogen peroxide (H2O2) into water and oxygen, 
thereby serving as catalase mimics.60 Taking these findings and possibilities in account, it can 
be stated that NanoZyme has opened up a new area of research that links nanotechnology and 
biology.50, 52, 54 
Figure 1.7: Widespread applications of NanoZymes in a diverse area. The image is adopted 
from Shin et al. (2015) and imprinted with the permission from Hindawi Publishing 
Corporation.55 
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1.3.2 NanoZymes as peroxidase mimics 
Peroxidase is a predominant class of enzymes existing in nature representing a large 
family of structurally diverse enzymes involved in the catalysis of the oxidoreductive 
decomposition of hydrogen peroxide (H2O2). Peroxidases are essential in maintaining the 
balance of H2O2 formation in living organisms as overproduction may give rise to a range of 
inflammatory diseases like hepatitis, atherosclerosis, chronic obstructive pulmonary disease 
etc.59, 61 These enzymes serve not only as a detoxifying agent but also play crucial role such as 
building up defence against infectious pathogens. A classic example of this is myeloperoxidase, 
which produces hypohalous acids resulting in antimicrobial activity.62-63 Peroxidases are able 
to induce catalytic scavenging of H2O2 resulting in the formation of water. Although most of 
the peroxidases, for instance, cytochrome c peroxidase possess high specificity for hydrogen 
peroxide, they can still accept a wide variety of hydrogen donors like polyphenols.51 On the 
contrary, horseradish peroxidase (HRP) which is the most common peroxidase, is used in 
clinical and bioanalytical chemistry applications. Most of the peroxidases require a co-factor 
to exert ROS scavenging activity, for example, a heme-iron cofactor is essential for horseradish 
peroxidase enzyme.64-65 
In spite of these advantages, the high expense associated with production and short 
shelf-lives has inspired researchers to find out efficient alternatives which will be cheap and 
stable. At first, transition metal ions like Cu+, Co2+ and Mn3+ and Fenton reagent were first 
reported for their peroxidase-mimic behaviour.49 Similarly, iron-porphyrin complexes, that 
exhibit structural resemblance to the HRP prosthetic group, were also reported to show 
peroxidase-mimic activity. In 2007, Gao et al. first demonstrated that Fe3O4 magnetic 
nanoparticles exhibited intrinsic peroxidase mimetic activity that shifted the focus towards 
inorganic nanomaterials as an efficient substitute to natural peroxidases.66 Following this 
Page 16 Chapter 1 
report, a variety of nanomaterials such as graphene oxide, fullerene, single-walled carbon 
nanotubes, gold nanoparticles, iron oxide-based magnetic nanoparticles, CeO2, Co3O4 and 
bimetallic alloy nanoparticles were reported to possess peroxidase-mimic activity and have 
been used in a wide range of applications like colorimetric glucose sensing, waste water 
treatment etc.51, 54, 67-68 
To assess the NanoZyme activity of inorganic nanomaterials, colorimetric peroxidase 
substrates (AH) was required. This substrate was based on derivatives of benzidine and some 
other aromatic amines including 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 
(ABTS), 3,3’,5,5’ tetramethylbenzidine (TMB), 3,3-diaminobenzidine (DAB) and o-
Phenylenediamine (OPD). Following the catalytic reaction in the presence of H2O2, these 
substrates were oxidised that resulted in green, blue, brown or yellow coloured product, 
respectively. Each of these products produce a detectable signal at distinctive wavelengths. 
Furthermore, fluorogenic substrates like 10-acetyl-3, 7-dihydroxyphenoxazine (ADHP) could 
also be utilised to produce a fluorogenic signal. The mechanism of this oxidation reaction in 
presence of peroxidase has been shown by equation 1.1 and 1.2.  
2AH + H2O2 
௣௘௥௢௫௜ௗ௔௦௘
ሱ⎯⎯⎯⎯⎯⎯⎯ሮ 2A + 2H2O                            Equation 1.1 
2AH + ROOH 
௣௘௥௢௫௜ௗ௔௦௘
ሱ⎯⎯⎯⎯⎯⎯⎯ሮ 2A + ROH + H2O   Equation 1.2 
1.3.3 NanoZymes as oxidase mimics 
Oxidase NanoZymes are involved in the catalysis of oxidation-reduction reactions 
where molecular oxygen serves as the source of electron acceptor facilitating the oxidation of 
the substrate to either water or H2O2 (Equation 1.3 and 1.4). Oxidase enzymes are a subclass 
of oxidoreductase class of enzymes. A key example of this category is cytochrome c oxidase, 
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which is a key enzyme in the generation of energy. Similarly, glucose oxidase is an enzyme 
that is primarily used in the use of glucose as a substrate.  
O2 + AH 
௢௫௜ௗ௔௦௘
ሱ⎯⎯⎯⎯ሮ H2O + A    Equation 1.3 
O2 + AH + H2O 
௢௫௜ௗ௔௦௘
ሱ⎯⎯⎯⎯ሮ H2O2 + A   Equation 1.4 
 
Similar to the peroxidase-like activity, the substrate (AH) could either generate a 
chromogenic or fluorogenic product depending on the type of substrate. A range of NanoZymes 
has been studied which are able to mimic oxidase-mimic activity. For example, Au 
nanoparticles, CeO2 nanoparticles, MnFe2O4, CoFe2O4, LaNiO3 nanofibers, MnO2 nanowires, 
Pt nanoparticles and many more have been reported for their oxidase-mimic catalytic 
activity.54, 69 
 
1.3.4 NanoZymes as superoxide dismutase (SOD) mimics 
Superoxide radical is a particular type of ROS which is continuously formed in living 
organisms. Overproduction of this ROS might cause oxidative damage to the cell. Therefore, 
it is essential for the cell to regulate this ROS, which occurs through the action of superoxide 
dismutase (SOD) enzymes. NanoZymes exhibiting SOD-like activity are involved in the 
scavenging of superoxide (O2-•) radical into H2O2 and molecular oxygen (O2) (Equation 1.5).44, 
57 Superoxide dismutase enzymes act as physiological antioxidants and along with catalase 
enzyme it can scavenge superoxide efficiently in aerobic organisms. An example of superoxide 
dismutase in humans is SOD1-3 that are present in the cytoplasm, mitochondria and 
extracellular, respectively.70 These enzymes have a transition metal ion in its core specifically 
because, transition metal atoms can have multiple oxidation states and can promote oxido-
reductase reactions.  
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  Oଶ
.ି + 2Hା 
ௌை஽
ሱ⎯ሮ H2O2 + O2   Equation 1.5 
An example of SOD-mimic NanoZyme is CeO2 nanoparticles that has been well 
studied. It has been suggested that the SOD-mimic activity occurs through a complex process 
where a balance between Ce3+ and Ce4+ oxidation state is critical for its catalytic activity.71 This 
complex interplay allows CeO2 nanoparticles to scavenge superoxide radical thereby protecting 
the cells from ROS-mediated oxidative stress.72-73 
1.3.5 NanoZymes as catalase mimics 
Catalase is another type of natural enzyme that facilitates the catalytic dis-
proportionation reaction of H2O2 resulting in the formation of water and oxygen gas (Equation 
1.6). In biological systems, H2O2, which is a stable final product resulting from superoxide 
radicals’ dismutation, plays a very influential dual role-either as a signaling molecule or act as 
non-radical ROS. In spite of the fact that H2O2 is stable and not reactive, there is a chance of 
its conversion into highly reactive hydroxyl radical generated through Fenton reaction. This is 
the reason why catalase enzymes hold special importance in the biological systems. It is also 
therefore unsurprising to that it is recognised as the most efficient enzyme involved in the 
conversion of H2O2 into non-reactive/less reactive oxygen.  
H2O2 
௖௔௧௔௟௔௦௘
ሱ⎯⎯⎯⎯⎯ሮ 2H2O + O2    Equation 1.6 
 
For example, Li and et al. reported that gold, silver, platinum and palladium 
nanoparticles at low pH show a peroxidase-like activity but a catalase-like mechanism at high 
pH.74 This also points us to an important, yet intriguing fact that the reaction conditions play a 
critical role in determining the enzyme-mimic behaviour of such nanozymes.  
 
Page 19 Chapter 1 
1.4 Applications of NanoZymes 
NanoZymes have found widespread applications in different areas, including water 
treatment, tissue regeneration, diagnostics, sensors, neuroprotection, stem cell growth, and pollutant 
removal.47, 51 Although the applicability is broad, the current body of work is focused on therapeutic 
and diagnostic applications of NanoZymes, more specifically in antibacterial applications and 
biosensing of glucose in biological fluids. Therefore, the following sections focused on these 
aspects.  
1.4.1 NanoZymes-A novel approach to treat bacterial infections 
Bacteria-mediated diseases have caused serious public health concern globally 
alongside other consequent socio-economic complications.75-77 The increasing incidences of 
bacterial infections have seen a rise in the use of antibacterial agents (antibiotics) to mitigate 
the risks associated with such pathogens. Antibacterial agents can be classified based on the 
nature of their action viz. bactericidal that kills pathogenic bacteria or bacteriostatic that slows 
down the bacterial growth or the reproduction. Majority of the currently available antibacterial 
agents are chemically modified natural compounds such as cephalosporins, b-lactams, 
carbapenems etc.78-79 Additionally, some pure natural products like aminoglycosides and 
several solely synthetic antibiotics, for example, sulphonamides etc. also act as antibacterial 
agents.80-81 Although antibiotics play a vital role in combating infectious diseases, their 
widespread and uncontrolled use has led to the onset of bacterial resistance  to a wide range of 
antibiotics that are commonly used in bacteria-induced disease management.82-83 This has 
given rise to antibiotic resistance bacterial strains more commonly reported as “superbug”. This 
serious threat to public health requires a strong and immediate action to develop novel 
antibacterial approaches.  
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Nanomaterials have been employed as novel antibacterial agents as evident from the last 
decade.75, 84 To this end, metal and metal oxide nanoparticles,85-87  carbon-based 
nanoparticles,88-89 etc. have been explored as novel antibacterial agents. Considering that 
nanoparticles show high surface area to volume ratio combined with their unique chemical, 
mechanical, optical, electrical, electro-optical and magnetic properties, it is imperative that they 
have been reported to show excellent antibacterial activity.90-91 With the discovery that 
NanoZymes have the ability to produce ROS (superoxide, hydroxyl radicals, singlet oxygen), 
the recent trend has been to use such materials to control bacterial growth. This is primarily 
because, ROS is known to react with bacterial biomolecules (lipid, protein and DNA) to alter 
the structure and function of bacteria, eventually leading to bacterial death. Considering that 
bacteria can develop resistance to metal ions or antibiotics, it is widely believed that the use of 
ROS for infection control could provide a viable alternative to conventional strategies. 
 
 
Figure 1.8: (a) Schematic demonstration of graphene quantum dots (GQD) assisted 
antibacterial system and (b) the resultant fabricated GQD-Band-Aid applicable for in vivo 
wound disinfection. (c) an acute lung infection model constructed by administering MRSA 
pathogen and subsequent treatment by NanoZyme, Images are adopted from Sun et al. (2014), 
Wang et al. (2017) and imprinted with the permission from American Chemical Society, 
Elsevier, and RSC publishing respectively.92-93 
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Given that the field of NanoZymes is fairly recent, there have been a few reports on the 
use of NanoZymes for antibacterial applications.92, 94-95 For instance, bifunctional mesoporous 
silica (MSN) supported gold nanoparticles (AuNPs) exhibiting both peroxidase- and oxidase-
mimic activity has been has been reported for their antibacterial effect on Gram-positive S. 
aureus and Gram-negative E. coli bacteria.95 This unique combination of peroxidase- and 
oxidase-mimic activity exerted by MSN-AuNPs enabled robust and effective suppression of 
both types of bacterial growth, biofilm formation and dissolution of pre-formed biofilms. The 
mechanistic study revealed that the observed antibacterial activity of MSN-AuNPs stemmed 
from the generation of ROS mainly composed of (superoxide, hydroxyl radicals, singlet 
oxygen). In another study, graphene quantum dots (GQDs) was found to exhibit peroxidase-
mimic activity, that catalyses the conversion of H2O2 into detrimental hydroxyl radicals. The 
produced hydroxyl radicals showed improved antibacterial outcomes against both E. coli and 
S. aureus (Figure 1.8a). The versatility of the GQD NanoZyme in bacterial killing was 
demonstrated by designing a new kind of GQD-Band-Aid for wound disinfection (Figure 
1.8b).92 Encouraged by the results, a hybrid NanoZyme was constructed by combining gold 
nanoparticles (AuNPs) and graphitic carbon nitride (designated as g-C3N4@AuNPs). 
Systematic assessments of the peroxidase-mimic activity of showed that g-C3N4@AuNPs 
displayed superior activity than those of AuNPs, g-C3N4 and their physical mixtures. The 
higher activity in the composites could be attributed to the synergistic effect of AuNPs and g-
C3N4. The potentiality of g-C3N4@AuNPs NanoZymes was challenged against lung infection 
caused by multi-drug resistant S. aureus (MRSA) (Figure 1.8c). It was shown that the g-
C3N4@AuNPs NanoZyme effectively alleviated the inflammation reaction caused by MRSA.93 
Furthermore, vanadium haloperoxidase-mimic vanadium pentoxide (V2O5) nanowires have 
been employed to prevent marine biofouling.96 In the presence of H2O2 and bromide ions, the 
V2O5 nanowires catalyses the oxidation of bromide ions to hypobromous acid (HOBr) that 
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generates singlet oxygen. The produced singlet oxygen exerted strong antibacterial activity to 
prevent biofouling without being toxic to marine biota. Several other metal nanoparticles also 
hold potential to be utilised as antibacterial agent, for example, Cu nanoclusters functioned 
with papain enzyme (CuNCs@Papain) were found to demonstrate outstanding antibacterial 
activity against E. coli and S. aureus when used in conjunction with H2O2.97 By using 
terephthalic acid as a capturing probe for hydroxyl radicals (•OH), the study showed that the 
peroxidase-mimic NanoZyme activity of CuNCs@Papain originated from its ability to convert 
H2O2 to •OH. The excellent antibacterial activity of CuNCs@Papain was further applied in 
mice model to demonstrate the potential for killing bacteria on wound sites.  
 
1.4.2 Nanozyme-assisted approaches eradicating biofilms 
In nature, bacteria survive through the formation of biofilm which is actually bacterial 
colonisation on living/non-living surfaces where bacterial cells remain attached to each other 
and enclosed in self-secreted and highly hydrated extracellular polymeric matrix. Typically, a 
biofilm is composed of proteins, polysaccharides and extracellular DNA (eDNA).98 This kind 
of quiescent form of bacterial existence within a densely packed diffusion membrane protects 
bacteria from environmental stresses.82 Biofilm enclosed bacteria have found to exhibit 100 to 
1000 times higher resistance to antibiotics and host immune defence.82, 98 The growth of biofilm 
is governed by a sequential emergence of physical, chemical and biological phenomena.  
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Figure 1.9: Formation of biofilm structure through the reversible attachment of planktonic 
cells on surface followed by irreversible attachment resulting in the production of 
microcolonies, subsequent maturation and stabilisation of biofilm. The image is adopted from 
Gupta et al. (2016) and imprinted with the permission from Springer.99 
Bacterial biofilm formation is a multi-step process which takes place via five 
consecutive developmental stages such as reversible attachment, microcolony formation, 
maturation and stabilisation and finally dispersion step (see Figure 1.9). Briefly, biofilm growth 
starts with the initial bacterial attachment to a surface leading to the generation of micro-colony 
which in turn gives rise to three-dimensional structure enclosed within an extracellular 
polymeric matrix. Finally, the biofilm is formed by the detachment from the surface as soon as 
it attains maturity. The formed biofilms develop their own defence and communication 
systems, that makes them harder to remove than solitary ones. 
Formation of biofilm by pathogenic bacteria has proven to cause severe health hazards 
like chronic infection, failure to heal the wound, cystic fibrosis, implant failure etc.100 This is 
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one of the major reasons to develop an efficient strategy to prevent biofilm formation or destroy 
biofilms that have already been formed. In this context, NanoZymes have shown great potential 
in eradicating biofilms. For example, peroxidase- and oxidase-mimic MSN-AuNPs was 
utilised to prevent the formation and destruction of Bacillus subtilis biofilm.95 The ability of 
MSN-AuNPs to generate ROS, exhibited strong antibiofilm ability by oxidising nucleic acids, 
proteins, and polysaccharides in the matrix of biofilm. According to a similar study reported 
by Gao et al., ferromagnetic NanoZymes in conjunction with H2O2 are able to induce oxidative 
break down of biofilm components like proteins, oligosaccharides, model nucleic acid, thus 
paving the way to kill both planktonic live bacteria and also those enclosed within the 
biofilm.101 The cleavage of plasmid DNA into small fragments and also polysaccharide 
degradation has found to be dependent on the free radicals resulting due to the catalytic nature 
of the ferromagnetic NanoZymes. 
In another approach, DNase-mimetic artificial enzyme (DMAE) was designed 
involving AuNPs confined with multiple cerium (IV) complexes supported on colloidal 
magnetic Fe3O4/SiO2 particles in core-shell form.102 This special type of NanoZyme was 
demonstrated to cleave extracellular DNA which plays a vital role during bacterial attachment, 
subsequent biofilm formation and maturation. As compared with the natural DNAse enzymes 
which are very sensitive to the environmental stress factors, DMAE offered a higher 
operational stability as well as very convenient recoverability. Biofilm formation on the 
surfaces coated with DMAE inhibited biofilm formation for a prolonged period of time which 
paves the way to boost up the efficiency of conventional antibiotics by using NanoZymes. The 
recent discoveries of various NanoZymes used for antibacterial and antibiofilm applications 
are summarised in Table 1.1. 
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Table 1.1: Summary of the NanoZymes used for antibacterial and antibiofilm applications. 
NanoZymes Mimicking 
Enzyme 
Bacterial 
Species 
Mode of action Ref. 
Mesoporous 
Silica-Supported 
Gold 
nanoparticles 
Peroxidase 
and oxidase 
E. coli 
S. aureus 
B. subtilis 
Produce ROS that kill 
bacteria, destroy existing 
biofilm and prevent new 
biofilm formation. 
95 
Magnetic NPs Peroxidase E. coli 
 
Generate ROS in the 
presence of H2O2 via the 
Fenton and/or Haber–Weiss 
reactions. 
Produced ROS induce 
oxidative damage to 
bacteria and kill cancer 
cells. 
103 
Fe3O4 MNPs Peroxidase E. coli 
P. aeruginosa 
Enhance the oxidative 
cleavage of biofilm 
components (proteins, 
oligosaccharides and 
nucleic acids). 
Oxidative damage induced 
by •OH that kill planktonic 
bacteria, destroy existing 
biofilm and prevent new 
biofilm formation. 
101 
Graphene 
quantum dots 
(GQD) 
Peroxidase E. coli 
S. aureus 
S. epidermidis 
Converts H2O2 into •OH 
that kill bacteria, inhibit 
biofilm formation and 
destroy existing biofilm. 
H2O2 + GQD band aid 
prevent mice wound 
infection. 
92 
Au/g-C3N4 hybrid Peroxidase E. coli 
S. aureus 
Synergistic effect of Au and 
g-C3N4 catalyse the 
decomposition of H2O2 (0.1 
mM) which produce •OH to 
exert antibacterial activity. 
Breakdown the existing 
biofilm and prevents new 
biofilm formation. 
Prevents wound and lunge 
infection. 
93 
CuO NanoZyme 
induced hydrogel 
Peroxidase 
 
E. coli 
 
CuO/Glucose 
oxidase/glucose NanoZyme 
gel produce •OH that 
104 
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participate in bacterial 
killing. 
Graphene 
quantum dots 
(GQDs)/silver 
nanoparticle 
hybrid 
Oxidase 
 
E. coli 
S. aureus 
Kill bacteria due to the 
oxidative stress induced by 
ROS produced due to the 
oxidase mimic activity.  
105 
Octahedral 
dealloyed porous 
PtxAg100–x NPs  
(0 < x < 100)  
Peroxidase 
Oxidase 
Catalase 
E. coli 
S. aureus 
Kill bacteria due to the 
oxidative damage induced 
by the produced ROS. 
106 
V2O5 nanowires Haloperoxid
-ase 
mimicry 
E. coli 
S. aureus 
Catalyse the oxidation of 
bromide ions to 
hypobromous acid (HOBr) 
and singlet oxygen (1O2) 
that prevents marine 
biofouling. 
96 
AuNPs covered 
multinuclear 
cerium(IV)- 
nitrilotriacetic 
acid complex that 
is confined on the 
surface of 
Fe3O4/SiO2 
core/shell particles 
DNase 
mimicry 
S. aureus Biofilm destruction and  
extracellular DNA 
degradation. 
102 
 
1.4.3 Application of NanoZymes in biosensing 
Biosensors are recognised to be a newer addition in the field of analytical chemistry 
which can be used as replacements of different conventional analytical methods like mass 
spectrometry, chromatography or photometry.107 In order to design a biosensor, different bio-
receptors such as antibodies, enzymes, DNA aptamers, peptides, protein scaffolds etc. are 
commonly used to give rise to a detectable signal that can be recorded and quantified. Enzyme 
integrated biosensors occupy a great part of the biosensor research where natural enzyme such 
as horseradish peroxidase (HRP) is commonly employed in different bioassays.108 But HRP 
based biosensors suffer from limitations such as, high risk of degradation during long-term 
storage or unable to work effectively in harsh condition etc.109  These limitations have led to 
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the undertaking of significant research to find viable alternatives. The advent of NanoZymes 
provided an alternative to use of natural enzymes that has the ability to mitigate several 
limitations.46, 51 This has led to an explosion in the use of NanoZymes in many biotechnology 
and biomedical applications.47, 110 Owing to the diverse application of NanoZymes in the field 
of biosensing, different optical approaches based on NanoZymes are being commonly adopted 
to detect various analytes with special importance in the food industry, targeted treatment and 
diagnostic medicines.54, 110 Apart from chemiluminescence and fluorescent biosensing 
approaches, recently a great number of colorimetric biosensors have been reported where 
NanoZymes were utilised as a substitute of the natural enzyme to achieve biosensor fabrication 
and sensing operation in a more cost-effective, accurate, selective and faster manner.67, 110-111  
Colorimetric biosensors have gained special attention due to the simplicity of the 
fabrication and operation and more importantly the ability to convert the sensor in a point-of-
care format. This is because the sensor response is measured using a simple UV-vis 
measurement or even with bare eyes without the requirement of any kind of advanced 
instruments. Recently, NanoZyme-based colorimetric approach has been utilised successfully 
to detect a variety of biomolecules including proteins, DNA, metal ions, cells, small molecules 
etc.112-116 The body of the work presented in this thesis describes a peroxidase-mimic NanoZyme 
based glucose sensing strategy. Therefore, the following section summarises some peroxidase-
mimic NanoZymes used for glucose sensing.  
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Figure 1.10: (a) Scheme depicting the mechanisms of colorimetric detection of glucose by 
using natural enzyme glucose oxidase (GOx) and NanoZyme catalysed reaction. (b) Steps 
involved in the detection of glucose level in serum sample. (I) Opening the test kit cap, (II) 
addition of diluted serum solution to the test kit, (III) closing the test kit cap and turning upside 
down before a incubation period of 60 min at 40 °C, (IV) again, turning the test kit upside 
down and opening the snap cap (visible blue color in the hydrogel). (c) Standard colorimetric 
chart to determine glucose concentration (mM) in serum (from top left to right: 0, 4, 6, 8, 10, 
12) and images of the hydrogel containing various concentrations of serum glucose while the 
snap cap of the test kit is open (middle) and closed (bottom). The glucose concentration (mM) 
determined in serum samples: (I) blank, (II) 5.31, (III) 6.98, (IV) 8.49, (V) 11.88. The image is 
adopted from Lin et al. (2014) and imprinted with the permission from Elsevier.117 
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Considering the significance of glucose detection in clinical, biomedical, food analysis 
and ecological research, numerous attempts have been made to design improved glucose sensor 
to improve life quality.118-120 NanoZyme assisted glucose sensing is founded on a two-step 
detection mechanism where glucose oxidase (GOx) first catalyses the oxidation reaction of 
glucose with molecular oxygen resulting in the formation of H2O2. In the next step, H2O2 
participates in the oxidation of the organic substrate and this reaction is catalysed by a 
peroxidase-mimic NanoZyme, thus giving rise to a detectable colorimetric signal (Figure 
1.10a). This approach was first time reported in a research work undertaken by Wei and Wang 
in which  Fe3O4 magnetic nanoparticles possessing intrinsic peroxidase mimic activity were 
employed to detect glucose within a detectable range of 50 µM to 1 mM with a lowest 
detectable concentration of 30 µM.121 This glucose sensing system have found to be highly 
selective over other popularly known sugars as well. After this first report, many other studies 
have been undertaken where peroxidase mimic NanoZymes were the key to detect glucose, for 
instance, tungsten disulfide (WS2) nanosheets possessing peroxidase mimic activity was 
utilised to develop a colorimetric glucose sensor, TMB being applied as peroxidase substrate. 
A portable glucose test kit was developed for visual detection of glucose in blood through the 
combined usage of GOx and WS2 nanosheets. This kit has found to be capable of detecting 
glucose by an observable color change in a linear range of 5-300 µM with a detection limit as 
low as 2.9 µM.117 In addition, agarose hydrogel was also demonstrated as a platform to detect 
blood glucose utilising the enzyme catalysed colorimetric reaction where actual glucose level 
can be realised from the visible color change without any sophisticated instrumentation 
requirement (Figure 1.10b and 1.10c). Glucose level was possible to detect in serum as well by 
utilising a composite constructed of PDDA-coated iron oxide NanoZyme electrostatically 
deposited with GOx.122 NanoZyme activity of AuNPs are well known which inspired Li and 
co-workers to apply positively charged AuNPs to catalyse the oxidation of TMB in presence 
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of H2O2 leading to the generation of blue color in aqueous solution, thus providing a simple 
approach to colorimetric detection of H2O2 and glucose.123 A summary of peroxidase-mimic 
NanoZymes used for glucose sensing is outlined in Table 1.2. 
Table 1.2: Peroxidase-mimic colorimetric NanoZymes used for glucose sensing. 
NanoZymes LOD 
(µM) 
Linear range 
(µM) 
Real 
sample type 
Ref. 
Au NPs 4 18-1100 N.R. 123 
Ag NPs 0.1 5-200 Serum 124 
Cu NPs 0.686 1-100 Serum and 
pear juice 
125 
Pd NPs 6 10-1000 Serum 126 
Fe3O4 MNPs 30 50-1000 N.R. 121 
Fe3O4 MNPs with PDDA coating 30 39-100 Serum 127 
Fe3O4 GO composites 30 50-1000 Urine 128 
Zn Fe2O4 NPs 0.3 1.25-18.75 Urine 129 
CuO NPs N.R. 100-8000 N.R. 130 
Graphene oxide  1 1-20 Blood and 
fruit juice 
131 
Hemin Graphene hybrid 
nanosheets 
0.03 0.05-500 N.R. 132 
Carbon nanodots 1 1-500 Serum 133 
FeNPs@Co3O4 hollow nanocages 0.05 0.5-30 Serum 134 
Rhodium NPs 0.75 5-125 Blood and 
soft drinks 
135 
AuNPs@MoS2-QDs composite 0.068 1-400 Serum, tear 
and saliva 
136 
Pt Nanoclusters 0.28 0-200 Serum 137 
ATP-Fe3O4 NPs 50 50-4000 Serum 138 
MnO2 nanowires 2 10-2000 N.R. 139 
Fe3O4@C yolk-shell 
nanostructures 
1.12 1-10 Serum 140 
CoFe LDH nanoplates 0.6 1-10 Serum 141 
Fe3O4@C MNPs 2 6-100 Serum and 
urine 
142 
Janus hematite-silica NPs 3.2 0-20 Serum 143 
ZnFe2O4 NP-decorated ZnO 0.4 1-23 Urine 144 
CeO2 NPs 3 6.6-130 Serum 145 
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Fe doped CeO2 NPs 3.41 1-1000 Serum 146 
Co3O4 NPs 5 20-200 Serum 147 
Pt-MoO3 NPs 0.187 5-500 Serum 148 
C60-carboxyfullerenes 0.5 1-40 Serum 149 
DNA–LDH nanohybrids 8 40-200 Serum 150 
Cu nanoclusters 100 100-2000 N.R. 151 
Prussian blue NPs 0.03 0.1-50 Serum 152 
CeO2 NPs 2 4-40 Serum 153 
Reduced Carbon dots 2 10-400 Serum 154 
Graphite-like carbon nitrides 1 5-100 Serum 155 
WS2 nanosheets 2.9 5-300 Serum 117 
Nitrogen-doped graphene 
quantum dots 
16 25-375 Serum and 
ruit juice 
156 
CuS NPs 0.12 2-1800 Serum 157 
Porphyrin- CeO2 NPs 19 40-150 N.R. 158 
porphyrin-Fe3O4 nanocomposites 2.21 5-25 Serum 159 
Silicon dots 0.05 0.17-200 Urine 160 
MnSe NPs 1.6 8-50 Fruit juice 161 
protein-Fe3O4 1 3-1000 Serum 162 
Cu–hemin MOFs 6.9 10-3000 Serum 163 
Hemin/WS2 nanosheets 1.5 5-200 Serum 164 
  N.R.: Not reported 
 
 
1.5 Motivation 
During the last two decades, NanoZymes have attracted considerable interest as they can 
overcome the limitations of natural enzymes. Although many nanomaterials have been 
explored as NanoZymes for a range of applications, the ability to fine tune their catalytic 
performance through materials engineering has not yet been systematically investigated. The 
current work is an attempt to understand the different governing factors that allows us to 
modulate the NanoZyme activity. To have a thorough understanding of these factors, in this 
work, three independent approaches were employed viz. (i) morphological change of the 
nanoparticles; (ii) using light as an external trigger and (iii) the use of template to incorporate 
more catalytically active material. In all these studies, once the NanoZyme performance was 
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established and the underlying principle for the enhanced enzyme-mimic activity was 
discovered, these NanoZymes were applied for different applications. This included an 
effective antibacterial platform as well as a colorimetric nanobiosensor for the rapid detection 
of glucose in biological fluids. The outcomes from the current work is the first step in 
understanding the effects of morphology and other factors in dictating the catalytic enzyme-
mimic activity. This will facilitate the fabrication of a new wave of nanomaterials using 
materials engineering approaches that can have the potential to be used for disease diagnosis 
and developing photoactive antibacterial technology thereby improving human health and 
quality of life. 
1.6 Thesis outline 
The work presented in this thesis describes new strategies to improve the catalytic 
activity of various NanoZymes. The nanozyme activity of a metal, metal oxide and metal 
sulfide nanoparticle was first established and this NanoZyme activity was applied to explore 
their potential for biological applications. 
The chapter-wise breakdown of the thesis is as follows: 
Chapter 2 describes the working principle and experimental details of various instruments 
used for the characterisation of nanomaterials. These instruments can be divided into four main 
categories, viz. spectroscopic, microscopic, X-ray based and other methods. The spectroscopic 
techniques include UV-Visible absorption Spectroscopy (UV-vis spectroscopy), Atomic 
Emission Spectroscopy (AES), fluorescence spectroscopy, Raman spectroscopy, and 
photoelectron spectroscopy in air (PESA). Transmission and Scanning Electron Microscopy 
(TEM and SEM), high-resolution TEM, and Atomic Force Microscopy (AFM) belong to 
microscopy category while X-ray Diffraction (XRD), X-Ray Photoemission Spectroscopy 
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(XPS) and Energy Dispersive X-ray analysis (EDX) can be placed under X-ray based 
instrumentation. The other method used was BET surface area analysis. 
Chapter 3 demonstrates a unique antibacterial system based on the peroxidase mimic copper 
sulfide (CuS) nanosheets. The aim of this chapter was to improve the catalytic efficiency by 
modulating the morphology of the nanoparticles. This chapter demonstrates the excellent 
peroxidase-mimic activity of 2D CuS nanosheet, wherein, the chapter first describes the 
synthesis and extensive characterisation of 2D CuS nanosheets. The excellent peroxidase-
mimic activity was then established by evaluating the NanoZyme activity and the underlying 
mechanism exhibited by the CuS nanosheets. The high ROS generation ability of CuS 
nanosheets was then applied to establish the antibacterial activity against both Gram-negative 
bacteria E. coli and Gram-positive bacteria S. aureus. The antibacterial activity of the 2D 
nanosheet was also evaluated against biofilm producing bacteria and the experimental findings 
confirmed the suitability of NanoZyme activity to develop an effective antibacterial system 
against both bacteria and biofilm. 
Chapter 4 establishes an antibacterial system by exploiting the peroxidase mimic activity of 
copper oxide nanorods (CuO NRs). Following the research works described in chapter 3, this 
study further attempted to improve the NanoZyme activity by using environmental stimuli, for 
example, visible light. Hence, the chapter describes the ability to use visible light as an external 
trigger to modulate the NanoZyme activity. Firstly, the chapter describes a new synthesis 
approach using a highly basic tertiary amine (triethyl amine), which directed the crystal growth 
to achieve high surface area 2D CuO NRs. The effect of surface area on NanoZyme activity 
was studied by comparing the activity between CuO NRs and commercially available CuO 
microparticles. The band gap of CuO NRs was calculated which allows visible light to 
modulate the decomposition of H2O2 catalyse by the CuO NanoZyme to generate hydroxyl 
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radical. Photomodulation of the peroxidase mimic CuO NRs enhances the ROS production by 
20 times. This phenomenon of photo-induced NanoZyme activity of CuO nanorods was applied 
to investigate the enhanced antibacterial effect against Gram-negative indicator bacteria E. coli. 
Chapter 5 demonstrates the ability of Ag nanoparticles embedded within the 3D matrix of a 
cotton fabric (Ag@Fabric) to act as a free-standing peroxidase-mimic NanoZyme for the rapid 
detection of glucose in complex biological fluids such as urine. The use of cotton fabric as a 
template not only allows a high number of catalytically active sites to participate in the catalytic 
reaction but also helps in rapid absorption of glucose during the sensing event. The 
performance of the Ag@Fabric NanoZyme sensor was evaluated in terms of precision and 
accuracy, limit of detection (LoD), selectivity and reusability. The catalytic mechanism of the 
Ag@Fabric NanoZyme was evaluated by using fluorescence spectroscopy. The real-time 
applicability of this NanoZyme sensor was evaluated by monitoring glucose in urine sample, 
whereas, the developed method was validated by comparing the results with a commercial 
glucometer and with a well-known glucose oxidase-peroxidase (GOx-POD) approach which is 
currently used as the laboratory gold standard.  
Chapter 6 includes a summary of all the research projects and significant findings depicted in 
this thesis and the potential areas of improvements where further future works can be 
undertaken. 
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Chapter 2  
Characterisation techniques 
 
 
 
 
   
 
 
 
This chapter summarises the operating principles of the different techniques used to 
characterise the nanomaterials in this thesis.  
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2.1 Introduction 
This chapter is focused on explaining the basic principles of the techniques used in the 
characterisation of the different nanomaterials synthesised during the study. These techniques 
include UV-visible Absorption Spectroscopy (UV-vis spectroscopy), Atomic Emission 
Spectroscopy (AES), Photoelectron Emission Spectroscopy in Air (PESA), Fluorescence 
Spectroscopy, Raman spectroscopy, Transmission and Scanning Electron Microscopy (TEM 
and SEM), High-resolution Transmission Electron Microscopy (HR-TEM), Atomic Force 
Microscopy (AFM), X-ray Diffraction (XRD), X-Ray Photoemission Spectroscopy (XPS), 
Energy Dispersive X-ray Spectroscopy (EDX) and BET Surface Area Analysis. 
2.2 Spectroscopic techniques 
2.2.1 UV-visible Absorption Spectroscopy  
UV-vis is a very powerful technique widely used in the characterisation of nanomaterials 
based on their surface plasmon resonance (SPR) features, as well as for the quantitative 
determination of molecules. This technique is based on the study of interactions between 
electromagnetic radiation and materials.1 When electromagnetic radiation passes through a 
solution containing particles, the emerging radiation is always less powerful than the incident 
radiation. This difference in the intensity is mainly due to absorption of the particles, but it is 
also due to the scattering or reflection of the beam. A typical spectrophotometer consists of a 
light source, a monochromator, sample, reference beams, and a detector. 
A common feature of molecules is that they absorb energy, and when the energy is 
absorbed in the UV-vis regions (200-800 nm), it results in an electronic transition of the 
molecule. Due to the absorption of radiation energy, the electrons shift from lower energy 
(ground state) state to a higher energy excited state.2 The energy required for this transition is 
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detected by the reduction in the amount of radiation exciting/transmitted through the particles 
solution and inversely related to the amount of radiation absorbed at that wavelength. The 
amount of energy absorbed in an electronic transition by a given wavelength of radiation can 
be expressed by the following equation:  
∆ܧ = ℎߥ =  
௛௖
ఊ
          Equation 2.1 
                                                                                                  
where ∆ܧ indicates the difference in energy to induce a molecule from a ground state to the 
excited state, c is the speed of light (3 × 108 ms-1), ℎ is the Planck’s constant (h = 6.626 × 10-
34 J.s), and λ indicates the wavelength of the incident photon. In general, single photon 
excitation follows Beer-Lambert law which relates that the intensity of the incident photon, I0, 
to the intensity of the photon transmitted through a sample, I, by the equation:  
݈݋݃ଵ଴
ூబ
ூ
=  ߝ݈ܿ = ܣ      Equation 2.2 
where ߝ indicates the molar extinction coefficient of the sample, c is the molar concentration 
of the absorbing molecules and l is the pathlength of the sample, I0 is the intensity of the 
incident light, I is the intensity of transmitted light.  logଵ଴
ூబ
ூ
 is the absorbance or optical density 
and is simplified to A. 
In the following thesis, optical absorption spectra of the synthesised nanomaterials were 
recorded by using UV-vis spectroscopy. These measurements were performed on an Agilent 
Cary 7000 spectrophotometer with a resolution of 1 nm within a range of 300-1100 nm. 
Further, the NanoZyme activity of different nanomaterials, colorimetric biosensing and 
antibacterial experiments were assessed using Envision multimode plate reader (Perkin Elmer) 
operating at a resolution of 5 nm over a wavelength range of 230-1000 nm, which detect 
reaction signals from microtiter plates. 
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2.2.2 Atomic Emission Spectroscopy (AES) 
 AES is an analytical technique used for the detection and accurate determination of an 
element in a sample. This technique uses the intensity of light emitted from plasma, flame, arc, 
or spark at a particular wavelength which gives the identity of the element.1, 3-4 The first step is 
the atomisation or excitation, where the solution analyte is converted to vapor, which is usually 
done by using a flame. The high temperature atomisation provides enough energy to promote 
the atoms into high energy state. At this state, the atoms are unstable. Therefore, the excited 
atoms decay back from a high energy level to a low energy level, causing the emission of 
radiation. The radiations are emitted in the form of photons and the instrument records 
wavelengths of the photon emitted by each element. Each element has a unique level of 
emission which helps to identify unknown elements (Figure 2.1). 
 
 
Figure 2.1: Schematic of atomic emission spectroscopy. 
To maintain consistency, the metal ion contents of all the nanomaterials studied in this 
thesis were determined using Agilent 4200 Microwave Plasma-Atomic Emission Spectrometer 
(MP-AES). The nanomaterials were first digested in 2% nitric acid (HNO3) before 
measurement. 
Page 50 Chapter 2 
2.2.3 Photoelectron Emission Spectroscopy in Air (PESA) 
 
Figure 2.2: (a) A schematic of the PESA measurement. (b) A representation of the electron 
transfer process that takes place within the high voltage gradient chamber allowing for high 
sensitivity of photoelectron detection from the sample. (c) A typical PESA spectrum showing 
the relation between the photoelectron emission yield and photon energy. The image is adopted 
from Jasieniak et al. (2011) and imprinted with the permission from American Chemical 
Society.5 
 PESA offers a simple, rapid and reproducible approach to determine the ionisation 
potential of a material. It can be also employed to evaluate the work function for metallic 
samples and estimate the energy level related to the valence band maximum for semiconducting 
samples.5-6 PESA measurement is carried out on thin films under ambient setup and samples 
are needed to be exposed to air. A schematic demonstrating PESA measurement is shown in 
Figure 2.2(a). In PESA analysis, an incident radiation with an energy ranging between 3.4-6.4 
eV is used to scan the sample surface allowing emission of electrons from the surface through 
the photoelectric effect. Photoemitted electron from its ground state is quickly moved away by 
a weak positive bias from the sample and later picked up by an oxygen molecule present in the 
air. The singlet oxygen free radicals are accelerated away from the sample and afterward, pass 
through a high voltage gradient chamber resulting in an electron avalanche which takes place 
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through an electron cascade involving nitrogen gas (Figure 2.2(b)). Detection of the free 
electrons participating in this avalanche process is done at the anode, calibrated and correlated 
to the photoelectron yield (Y) of the target sample. In order to minimise the macroscopic 
charging of the sample, very weak UV intensities can be employed for photoemission in 
conjunction with the deposition of materials as thin films on conductive substrates. PESA 
measures the yield of photoemitted electrons (Y) which is ejected from a sample as a function 
of spectral energy. The optimum energy required for photoelectric emission is known as 
ionisation energy (IE) (Figure 2.2(c)). The relation between photoemitted electrons (Y) and the 
ionisation energy (IE) can be expressed as:  
ܻ ∞ (ܧ − ܫܧ)ଷ     Equation 2. 3 
where E represents the energy of the incident light. 
In this study, PESA measurement was conducted to determine the valence band energy 
of the semiconducting copper oxide nanorods (CuO NRs). The samples were deposited on a 
glass substrate and the measurement was carried out using a Riken Keiki AC-2 
spectrophotometer at 20 nW radiation.  
2.2.4 Fluorescence Spectroscopy 
Fluorescence spectroscopy is a spectroscopic technique that analyses fluorescence from 
a sample, where a fluorescent capable molecule or a fluorophore absorbs light within its 
absorption band and emits this light at a longer wavelength. In brief, a beam with a specific 
wavelength is passed through a solution and analyte molecules absorb energy in the form of 
photon, thus reaching to the excitation state. Owing to this excitation, the electronic state of 
analyte molecules undergoes a shift from the ground state to a vibrational level that exists in 
one of the excited electronic phase.7-9 As a result of excitation, analyte molecules emit 
fluorescent radiation of a longer wavelength which can be recorded and used for both 
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qualitative as well as quantitative analysis. The concentration of the analyte is directly 
proportional to the intensity of the emission of excitation spectrum. There are several important 
parameters such as the wavelength of excitation, the concentration of the analyte solvent, self-
absorption of the sample and path length of the cuvette which can influence the shape and 
intensity of the fluorescence spectra. 
For the work presented in this thesis, fluorescence spectroscopy was performed to study 
the generation of hydroxyl (•OH radical) responsible for the catalytic NanoZyme activity in 
different nanomaterials. The experiments were conducted on a Horiba Scientific Fluromax-4 
spectrofluorometer using terephthalic acid as a fluorescence probe. The fluorescence emission 
spectra were recorded between 325 and 550 nm at an excitation wavelength of 315 nm. 
2.2.5 Raman Spectroscopy 
Raman spectroscopy is a well-known spectroscopic technique that is commonly used to 
determine the vibrational or rotational forms of molecules which might be present in different 
phases such as a solid, liquid or gas and also as an adsorbed layer of molecules on a solid 
support.10-11  
Unlike infrared spectroscopy where changes in dipole moment are experienced, Raman 
spectroscopy exhibits sensitiveness toward the alteration in the molecular vibrational states 
leading to the eventual change in the ability of molecules to polarise. In Raman spectroscopy, 
the sample is irradiated with a monochromatic laser source that interacts with the molecules of 
sample and produces a scattered light. The frequency of the scattered light which is different 
from that of incident light (inelastic scattering) and used to construct a Raman spectrum. This 
Raman spectrum is a result of an inelastic collision between incident radiation and molecules 
of the sample. When a monochromatic radiation strikes at the sample, it scatters light in all 
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directions. Owing to the fact that the frequency of this scattered light is equal to the incident 
radiation frequency, Rayleigh scattering becomes evident.12 
Figure 2.3: Energy level diagram showing different forms of scattering in Raman spectra. 
On the other hand, a small part of scattered light with a frequency different from the 
incident light frequency gives rise to Raman scattering (outlined in Figure 2.3). The occurrence 
of Rayleigh scattering is more frequent than the Raman scattering which requires proper 
instrumental filter step for Rayleigh scattered photons to give rise to clear Raman spectra. 
The transfer of energy between the incident radiation and molecules of the sample 
results in either Stokes transition where sample gains energy or gives rise to an anti-Stokes 
transition where samples’ energy is decreased. Irrespective of the gain or loss in samples’ 
energy, the wavelength of the photons will change. This shift in the photonic wavelength is 
denoted as a Raman shift. If the sample molecules exhibit energy absorption, scattered photons 
will experience red-shift or Stokes shift which demonstrates a lower energy state in comparison 
to the energy of the incident photon. Thus, balance between the total energy of the system is 
maintained. On the contrary, blue-shift of photons takes place when the molecules exhibit 
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energy loss due to their interaction with photons, leaving a greater energy in the scattered 
photons than the incident photons. This phenomenon is also known as anti-Stokes shift.13 
The Raman spectra were obtained using a Horiba LabRAM HR Evolution micro-
Raman system equipped with a 532 nm laser (0.5 μm lateral resolution, 0.25 s exposure) using 
a 100× objective. Raman spectra were background corrected using an in-house developed 
smoothing free algorithm. 
2.3 Electron Microscopy 
Although some of the characterisations of the synthesised nanomaterials can be 
obtained by using different spectroscopic techniques, direct imaging of these materials in the 
nano scale requires the use of electron microscopy. An electron microscope uses a beam of 
electrons as a source of illumination, then through a series of lenses a magnified image is 
obtained by ‘electromagnetic fields’. Electron microscope gives an incredibly high-resolution 
image at very high magnification. Therefore, powerful imaging techniques such as 
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) and Atomic 
Force Microscopy (AFM) were used in this thesis to observe the structure, morphology, 
composition, and thickness of the synthesised nanomaterials. Moreover, both TEM and SEM 
were also used to investigate the changes in bacterial morphology after their treatments with 
various NanoZymes. Basic principles of these imaging techniques used in this thesis are 
described below. 
2.3.1 Transmission Electron Microscopy (TEM)  
TEM is a powerful microscopic technique popularly used in both biological, medical and 
materials research to examine the morphology, crystal structure, chemical composition and 
orientation of samples. This technique uses a beam of electrons, usually emitted from a 
tungsten made cathode using accelerating voltages of ≈100-400 kV, are governed through the 
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application of magnetic condenser lenses paving the way to interact with an ultrathin sample.14-
15 TEM analysis requires a sample that will be thin enough for the electron beam to penetrate 
through the sample. While the incident electron beam strikes the thin sample, several possible 
fates can happen; (i) the electrons may pass through the sample remaining un-deflected, (ii) 
electrons can be scattered easily, (iii) or it may be in-elastically scattered. If all the three types 
of imaging are involved in obtaining an image, then there would be a lack of contrast on the 
imaging.14  
But the insertion of apertures can change the interaction of electrons with the sample, 
resulting in a clear image, which directly correlates to the thickness and the type of materials.16 
This type of image formed by the transmitted electrons can be magnified and focused by using 
an objective lens and can be seen on an imaging screen. The most amazing feature exhibited 
by TEM includes the wavelength of electrons smaller than those resulting from atomic 
separations in solid, thus making it possible to observe crystal structure in depth well below 
the atomic sizes. Another advantageous feature that TEM offers is the strong electron scattering 
factor which is approximately 104 times greater than that of x-rays.  
Samples for TEM were prepared by drop coating the samples on a holey carbon-coated 
nickel grid and images were acquired using a JEOL 1010 microscope operated at 100 kV. The 
detail preparation of TEM samples for bacterial imaging is described in Chapter 4, section 
4.2.8. 
2.3.2 High-resolution Transmission Electron Microscopy (HR-TEM)  
HR-TEM is a popularly used instrument to undertake high-magnification investigations 
of nanomaterials and considered to be a reliable approach to image atomic structure and 
determine structural defects. This mode of operation uses both the scattered and the transmitted 
beams to create an interference image. It is also called as a phase contrast mode, wherein image 
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formation is mainly due to the changes in the phase of electron waves caused by the sample 
rather than the absorption of electrons by the specimen.17-18 It can display a direct 2D projection 
of the crystal lattice with all defects. Considering a very thin crystal slice to be tilted in a way 
that a low-index direction remains perpendicular to the encompassing electron beam, all crystal 
lattice planes will exist parallel to the electron beam as well and close to the Bragg position, 
thus diffracting the primary beam. The diffraction pattern is represented by the Fourier 
transform of the periodic potential exerted for the electron in 2D orientation. While the 
objective lens brings the primary beam and all diffracted beams together again, interference 
arising from these beams gives rise to a back-transformation leading to an extended version 
image of the periodic potential. Following the electron-optical system facilitates the 
magnification of the picture which can be seen on a screen, usually magnified by a factor of 
106. 
In this thesis, HR-TEM is utilised to study the crystalline nature and lattice fringe of 
different nanomaterials. HR-TEM images were acquired on a JEOL 2100F microscope 
operated at 80 kV. 
 
2.3.3 Scanning Electron Microscopy (SEM) 
SEM is widely used to observe and characterise the morphological features of organic 
and inorganic materials within a size range of nanometre (nm) to micrometre (μm).  Although 
the operational principle of SEM is similar to the conventional optical microscopy, but several 
advantages are exclusive to SEM for instance, the ability to focus on multiple samples at one 
time with a greater resolution power which gives rise to high quality three dimensional (3D) 
images and better control over the magnification of close spaced specimens through the usage 
of electromagnets.  SEM requires a sufficiently thick sample to prevent the transmission of 
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electron beams through the sample. Furthermore, the energy is liberated again from the surface 
in different forms like visible light, backscattered electrons, heat and secondary electrons etc. 
Among these forms of energy, all of the energy forms do not contribute to analysing the sample 
properties essentially, backscattered and secondary electrons majorly play a role to raise a 
pseudo-3D SEM image.19 
SEM is initiated with the scanning of the sample surface by the electron beam during 
which electrons interact with the specimen and produce several types of signals.  Mostly two 
basic forms of signals occur; secondary and backscattered electrons types and electromagnetic 
radiation. Secondary electrons are emitted from the valence band or conductance band of the 
specimen escaping from a comparatively shallow depth, as such these electrons are assumed 
to be originated from the sample surface. Afterward, these electrons are captured by a detector 
forming an image depicting a sample surface. Although secondary electrons are generated in a 
large number, only those reaching the detector can constitute the image. The direction of 
secondary electron mediated emission depends on the course of the surface features, thus the 
image obtained by SEM will reveal the characteristic features of the part of sample surface that 
was probed by the electron beam.20 
The SEM images of the commercial CuO microparticles (MPs) and CuO NRs were 
obtained using FEI Quanta SEM instrument operated at an accelerating voltage of 10 kV. The 
SEM images of the Ag@Fabric and NanoZyme treated bacteria were obtained using FEI 
Verios SEM instrument operated at an accelerating voltage of 5 and 10 kV, respectively. The 
bacterial samples were sputter coated with 10 nm gold prior imaging. 
2.3.4 Atomic Force Microscopy (AFM) 
The AFM is a kind of scanning probe microscope in which a topographical image of 
the sample surface can be achieved based on the interactions between a tip and a sample 
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surface. AFM is applied successfully to explore surface characteristics with a very accurate 
resolution which can scan a surface from micro to nano scale. 
A typical AFM instrumentation consists of a cantilever with an attached small and sharp 
probe or tip at the free end, a 4-quadrant photodiode, a laser and a scanner. At first, a cantilever 
with a sharp tip scans over the sample surface. As the cantilever tip approaches sample surface, 
the attractive force acting between the tip and surface enable the cantilever to redirect toward 
the surface and light from a laser source is bounced off from this cantilever into a photodetector. 
The deflection of the cantilever can be measured from this signal. A sample is positioned on a 
special stage beneath the cantilever tip. The stage possesses a piezoelectric driver whose 
function is controlled by software. When the cantilever reaches even more close to the surface 
and the tip makes surface contact, the repulsive forces become dominant and compel the 
cantilever to deflect away from the sample surface. Thus, the variation in the sample height 
influences the deflections of the cantilever which in turn recorded by the photodetector.21-22 
Generation of the force between the surface and tip depends on the stiffness of the 
cantilever and the distance between the surface and tip. This force can be determined by 
Hooke’s law: 
ܨ =  −݇. ݔ     Equation 2.4 
where F = Force, k = spring constant of the cantilever and x = cantilever deflection. 
The samples for AFM were prepared by drop casting the nanoparticles on a silicon 
substrate and the images were obtained using a Bruker Dimension Icon instrument in tapping 
mode. The use of AFM allows the determination of the morphology and thickness of the 
nanomaterials. 
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2.4 X-ray based techniques 
2.4.1 X-ray Diffraction (XRD) 
 
Figure 2.4: Schematic of the Bragg’s diffraction law. 
 
XRD is a powerful, versatile, non-destructive and very convenient tool which provides 
detail information on the crystallographic structure of a material. This technique is based on 
bombarding the target with x-rays and subsequent monitoring of the resultant interference 
patterns which arise due to the diffraction of incident x-rays into various specific directions.23-
25 Depending on the angles and the diffracted beam intensities, a three-dimensional picture can 
be attained by revealing the electron density in a crystal. This electron density further provides 
information about chemical bonds, their order, as well as the mean position of the atoms in the 
crystal. XRD pattern is achieved by measuring the constructive interference of monochromatic 
x-rays and a crystalline sample.  X-rays that scatter from the sample surface will have crossed 
a comparatively shorter distance than the x-rays reflected from an inner plane of the crystal 
lattice (Figure 2.4). The x-ray diffraction of crystals can be described by the Bragg equation: 
݊ߣ = 2݀ ݏ݅݊ߠ     Equation 2.5 
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where n is a positive integer (the order of diffraction), ߣ is the wavelength of incident x-rays, 
d is the interplanar distance between atoms and ߠ denotes the scattering angle. When the 
wavelength of the incident x-rays and anglthe e of scattering is known, interplanar spacing can 
be calculated by rearranging the Bragg equation as: 
݀ =  
௡ఒ
ଶ௦௜௡ఏ
     Equation 2.6 
The calculation of interplanar spacing provides information about the crystalline structure of 
the samples.25 
The intensities and diffraction angles of various diffracted beams are considered to be 
a receptive function of the crystallographic form. Diffraction angles depend on the crystal 
lattice structure and unit cell dimensions while atomic numbers of the component atoms and 
the geometrical dependency on the lattice points directly influence diffracted intensities. As a 
requirement to obtain x-ray diffraction pattern of a particular sample, the sample must exist in 
crystalline form and interspaces between different layers of atoms must be close enough to the 
radiation wavelength.  
The XRD patterns presented in this thesis were obtained using Bruker AXS D4 
Endeavour – wide-angle XRD with Cu Kα radiation at 40 kV. Samples for XRD were prepared 
by drop casting (colloidal nanoparticles) or placing the nanoparticles (Ag@fabrics) on a Si 
substrate.  
2.4.2 X-ray Photoelectron Spectroscopy (XPS) 
XPS is a highly surface sensitive technique that provides valuable information about 
the elemental composition and electronic transitional state of the elements from the surface of 
the materials. In XPS, the sample is irradiated by x-ray beam with low energy, which then 
excites the bounded electrons (valence and core) of the sample atoms. If the binding energy of 
the electrons is lower than the x-ray beam, the electrons will be emitted from the parent atoms 
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as photoelectron.26-28 The principle of XPS is shown in Figure 2.5. A photoelectron spectrum 
is then obtained by measuring the kinetic energy of the emitted photoelectrons. The 
photoionisation process can be expressed as: 
A + hν = Aା + eି   Equation 2.7 
where A represent ionisation energy of the atoms, h is the Planck’s constant (h = 6.62 x 10-34 
J.s), ν is the frequency of the radiation and e is the electron. 
The amount of energy conserved is then expressed as: 
ܧ(ܣ) + ℎߥ =  ܧ(ܣା) + ܧ(݁ି)    Equation 2.8 
XPS requires to be operated under a high vacuum condition which induces an increase 
in the mean free path of the ejected electrons so that these emitted electrons can be detected. 
As the x-ray beam energy (hν) is known, the kinetic energy acquired by the ejected electrons 
(EK) can be determined and also a correction can be drawn for the work function of the solid 
(EW), thus the characteristic binding energies (EB) of the surface components can be determined 
by using the following equation:  
ܧ௄ = ℎߥ − ܧ஻ −  ܧௐ     Equation 2.9 
 
In absence of high vacuum, collision with gases in the XPS chamber might take place 
which will cause a further loss in the kinetic energies and lead to a subsequent change in the 
recorded binding intensities and energies. 
In the XPS analysis, the electron number recorded for a certain transition is directly 
proportional to the number of atoms present on the surface, thus XPS is well-recognised as a 
quantitative technique. But in real, estimation of accurate elemental concentrations from XPS 
spectra is not always that straight forward. 
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Figure 2.5: Schematic showing the principles of x-ray photoelectron spectroscopy (XPS). The 
image is adopted from29. 
Although XPS has the ability to measure intensities with good precision with 
satisfactory repeatability, the atomic concentrations determined from the elements present on 
the sample surface via XPS are not accurate. Typically, 10% accuracy is estimated for routine 
XPS analysis of atomic concentrations which can be improved further through carefully 
performed operations and characterised measurements.  
All XPS spectra presented in this thesis were obtained using a Thermo K-Alpha X-ray 
photoelectron spectrometer (Al Kα radiation at a pass energy of 20 eV). The core level spectra 
were background corrected using the Shirley algorithm and chemically distinct species were 
resolved using nonlinear least squares fitting procedure.30 The binding energies (BEs) were 
aligned with an adventitious carbon binding energy of 285 eV. 
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2.4.3 Energy Dispersive X-ray Spectroscopy (EDX) 
In conjunction with the microscopic techniques which provide information about 
morphology and crystallographic orientation, EDX is commonly applied to determine the 
elemental composition of a particular material.  EDX systems are used as attachments to the 
electron microscopy instrumental setup such as SEM or TEM. To obtain an EDX spectrum, 
firstly an electron beam possessing the energy usually within a range of 10-20 KeV is applied 
to bombard the material surface of interest, thus forcing ejection of electrons to the conduction 
band from the inmost orbitals of the irradiated sample atoms.16 In order to determine the 
elemental content of a sample, the electron-beam current is expected to be uniform throughout 
the sample surface and also electron channeling is essentially circumvented by avoiding strong 
diffraction setup. Because of this electron beam bombardment on the sample, a momentary 
electron hole is created within the sample atom. This electron-hole then induces an electron 
from a higher energy shell to fill the hole in the lower energy shell. This transition of electron 
from a higher energy to a lower energy orbital gives rise to an energy difference appears 
between the two shells, which in turn triggers the release of excess energy in the form of a 
photon.19-20, 31 Owing to the fact that every element exhibits a distinctive electron configuration, 
a unique x-ray spectrum is obtained for the individual component which can be employed to 
perform semi-quantitative identification of the elemental ratios within a composite. Typically, 
EDX spectra consist of several different peaks corresponding to the elements present in the 
sample where peak intensity is proportional to the elemental concentration in the specimen.  
EDX analysis of Ag@Fabrics was performed using an Oxford X-Max 20 Silicon Drift 
Detector fitted to the FEI Verios SEM instrument. EDX maps and spectra of CuO NRs and 
CuS nanosheets were collected using a JEOL 2100F TEM instrument in STEM bright field 
mode. EDX analysis were performed to determine the elemental composition of different 
nanomaterials studied in this thesis.  
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2.5 Other technique 
2.5.1 BET Surface Area Analysis 
Surface area analysis of nanomaterials was performed based on BET technique which 
was first proposed by Stephen Brunauer, Paul Hugh Emmett and Edward Telle.32 Based on the 
molecular adsorption principle proposed by Langmuir, the BET theory illustrates the resultant 
pressure changes arising from the multi-layer adsorption of inert molecules on a particular 
sample surface. BET theory is based on three assumptions to enable the isotherms to be exact. 
The analysis considers that adsorption takes place by multilayer formation and the adsorbed 
layer number is infinite, these layers do not exhibit any lateral interaction between themselves 
and the Langmuir theory will be applicable to each layer.1, 33 BET analysis can provide very 
accurate specific surface area measurement of a material of interest by nitrogen multilayer 
adsorption process which emerges as a function of relative pressure through the application of 
an auto-analyser. Physical adsorption of gas can happen from weak van der Waals forces acting 
between gas molecules and the surface area on adsorbent test powder. The amount of gas 
adsorption can be evaluated by a continuous or volumetric flow process at the liquid nitrogen 
temperature. Utilising this amount of gas adsorption at a certain pressure, it’s possible to 
calculate the surface area of the sample. 
In this thesis, BET analysis was performed to determine the specific surface area of 
CuO NRs on a Micromeritics (ASAP 2000) instrument using the BET analysis method. 
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Chapter 3  
Peroxidase-mimic 2D copper sulfide 
nanosheets for antibacterial and biofilm 
elimination 
 
Healthcare sector is facing significant challenges due to severe concerns arising from 
bacteria-mediated infections worldwide. Although antibiotics are the first line of defence, 
overuse of antibiotics has resulted antibiotic resistant bacterial strains. This has prompted 
the community to look for viable alternatives to conventional antibiotics. This study 
demonstrates the ability of peroxidase-mimic copper sulfide (CuS) nanosheets to efficiently 
minimise bacterial growth. The two-dimensional morphology of the CuS nanosheets 
provides a large number of catalytic sites to be exposed that significantly improves its 
catalytic efficiency. The catalytic active sites on the surface of the 2D CuS nanosheets 
catalyses the decomposition of H2O2 to generate hydroxyl radical (•OH), that leads to 
effective antibacterial activity against both Gram-negative bacteria Escherichia coli (E. coli) 
and Gram-positive bacteria Staphylococcus aureus (S. aureus). Furthermore, when 
challenged with biofilm producing bacteria, the 2D CuS nanosheets-H2O2 system efficiently 
broke down existing biofilm as well as prevented new biofilm formation. 
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3.1. Introduction 
Infectious diseases caused by bacteria create a major health concern in the current 
world.1-3 Biofilms are bacterial cluster spread on living or non-living surfaces enclosed 
within an extracellular matrix mediated protective shield.4 Biofilms are associated with a 
range of health care related problems like implant failure, chronic infection, damage in 
marine equipment, infected food packaging etc. and thus deserve particular attention. 
Currently, antibiotic is considered as an effective drug to kill or inhibit the growth of 
bacteria. However, the overuse and unplanned disposal of antibiotics has led to the evolution 
of antibiotic resistance bacterial strain. The multi-drug resistant strains can survive and 
multiply even in the presence of antibiotics, causing a serious threat to public health.5 
Moreover, antibiotics have found to be facing difficulties to deal with bacterial biofilms, due 
to the protection offered by the mode of their growth, thereby making their treatment very 
difficult. Although several drugs or materials such as polymers,6 metal ions7 and quaternary 
ammonium ions,8 etc. have been developed in last few decades against bacterial infection 
but these have not been effective against multi drug resistance microbes.9 Therefore, the 
development of a new generation antibacterial agents for effective killing of pathogenic 
bacteria is a challenge that needs to be addressed. With the advent of nanotechnology, 
various nanoscale materials including metal,10-11 metal oxides,12-13 graphene/graphene 
oxide,14 metal-organic semiconductors,15 etc. have been explored as a viable alternative to 
current antibiotic-based treatments. A recent discovery that the inorganic nanoparticles 
mimic the function of natural enzymes (NanoZymes) have attracted widespread applications 
in different areas, including pharmaceutical processing, biosensing, environmental 
monitoring, neuroprotection, stem cell growth etc. which were previously controlled by 
natural enzymes.16-23 This is because NanoZymes have the ability to replace natural enzymes 
which have poor stability and catalytic activity under stringent conditions. The advantages 
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of NanoZymes are high stability and catalytic activity in a wide range of pH and 
temperatures, low synthesis cost, easy preparation, tunable catalytic activity depending on 
size, surface area and composition. This has motivated researchers to explore new 
NanoZymes for a wide variety of applications.19 Very recently, research works have been 
reported the potential of NanoZymes in bacterial control.24-29 This is mainly because the 
mechanism of the NanoZyme mediated antibacterial action relies on the production of ROS 
(superoxide, hydroxyl radicals, singlet oxygen), which damage bacterial membrane by 
inducing oxidative stress to the bacteria. 
  The rise of 2D materials field after successfully realisation of graphene, led the 
researchers to explore other 2D materials with interesting novel optical, chemical and 
electronic properties for various potential applications like in catalysis, sensing, and 
biomedicine.30-31 A number of methods have been employed to obtain 2D materials 
including mechanical exfoliation, ball-milling, ultra-sonication, epitaxial growth onto a 
substrate, chemical vapor deposition etc.32-34 However, the scotch tape mechanical 
exfoliation and liquid phase ultrasonication methods are widely being followed up in 
obtaining these 2D materials. Depending upon on their crystal structure, 2D materials can 
be classified into following groups (i) Mono elemental enes – graphene,35 phosphorene,36 
silicene,37 antimonene,38 stanene,39 (ii) 2D chalcogenides – MoS2,40 WS2,41 MoSe2,42 
GaSe,43 (iii) 2D oxides –  MoO3,44 MnO2,45 V2O5,46 LaNb2O7,47 and (iv) 2D hydroxides – 
Ni(OH)2,48 Co(OH)2.49 The reason for this explosion in discovering new 2D materials is 
mainly due to thier novel properties such as high carrier mobility and large specific surface 
area and as such found suitable applications in batteries,50 biomedical,51 superconductors,52 
catalysts,53 sensors,54 solar cells55 etc.  
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Among the various 2D chalcogenides, copper sulfide (CuS) is an important 
chalcogenide with unique electronic and optical properties, that holds an important place in 
electronic and biomedical industry.56-57  By varying the stoichiometric copper ratio from 1 
≤ x ≥ 2, one can tune the copper-rich (Cu2S) to sulphur rich (CuS) crystal environment which 
dictates the bandgap (1.2-2.0 eV). Furthermore, versatile synthesis strategy can result in the 
diversity of the morphology, composition and valence state of CuS.56 Recently, some CuS 
nanostructures have been explored as peroxidase-mimic NanoZymes for various biosensing 
applications.58-63  
Although NanoZymes have shown great promise in bio-catalysis, they still have 
some drawbacks that need to be addressed to enable their broadscale use. One of the major 
limitations in NanoZymes is their low catalytic efficiency, which is mainly due to the 
following reasons: 1) the catalytic activity of NanoZymes is highly dependent on their size, 
shape, and composition, etc. 2) some of the active sites of NanoZymes is being blocked due 
to the capping agents used on their surface during the synthesis process. As the catalytic 
activity of NanoZymes arises from their active sites on the material’s surface, increasing the 
surface area and avoiding surface coating may be an efficient approach to improve the 
catalytic efficiency of NanoZymes. 
Given these considerations, the current study utilises a facile liquid phase exfoliation 
approach to synthesis 2D CuS nanosheets which act as peroxidase-mimic NanoZyme. The 
impressive catalytic efficiency of CuS nanosheets arises due to the ultrathin structure of CuS 
nanosheets and no capping agent coated on their surface, thus providing a large surface area 
and ample active sites. The 2D CuS nanosheets NanoZyme catalyse the decomposition of 
H2O2 to generate •OH radicals which then participate in the bacterial killing. The 2D CuS 
nanosheets-H2O2 system shows excellent antibacterial activity against both gram-negative 
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bacteria Escherichia coli (ATCC 25922) and gram-positive methicillin-resistant 
Staphylococcus aureus ATCC1698 (MRSA). Furthermore, the effect of the 2D CuS 
nanosheets-H2O2 antibacterial system is explored on preventing biofilm formation and in 
the destruction of existing biofilm which is still a difficult medical challenge.  
3.2. Experimental Section 
3.2.1. Materials 
Cupric chloride (CuCl2.2H2O), Sodium acetate trihydrate (anhydrous) and di-sodium 
hydrogen phosphate were purchased from BDH Chemicals Ltd.  Sodium sulfide (Na2S), 2,2′-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), o-
phenylenediamine (OPD), 3,3′,5,5′-Tetramethylbenzidine (TMB), 9,10-anthracenediyl-bis 
(methylene) dimalonic acid (ABMDMA), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), Catalase from bovine liver, L-ascorbic acid, 
Hexamethyldisilazane (HMDS), terephthalic acid (TA) and citric acid were purchased from 
Sigma-Aldrich, Australia. Hydrogen peroxide (H2O2, 30% w/w) and ethanol (C2H5OH, 100%) 
were purchased from Chem-Supply Pty Ltd. Nutrient broth for bacteria was purchased from 
Amyl Media Pty Ltd. Crystal violet was purchased from E. Merck (Darmstadt, Germany). 
Escherichia coli (E. coli ATCC 25922) and methicillin-resistant Staphylococcus aureus 
(ATCC 1698) bacterial strain was purchased from Southern Biologicals and maintained on 
nutrient agar plates, following standard microbiological protocol. Milli-Q water (18.2 MΩ cm) 
was obtained from Milli pore water purification system and was used for the preparation of all 
solutions.  
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3.2.2. Synthesis of 2D CuS nanosheets 
 
Figure 3.1: (a) The optical images of the CuS powder and CuS dispersed in water (b) before 
and (c) after exfoliation. 
CuS nanosheets were synthesised using a soft liquid phase exfoliation approach.64 
Firstly, a simple solution based thermal hydrolysis method was used to produce bulk copper 
sulfide powder. In a typical synthesis, 0.1M copper chloride (CuCl2 anhydrous) was dissolved 
in 80 mL pre-nitrogen bubbled deionised (Milli-Q) water in a round-bottomed flask. The 
mixture was placed in an oil bath and heated to 80 °C and maintained at this temperature under 
stirring (500 rpm) conditions. After 5 minutes, 0.1M sodium sulfide (Na2S) was added to this 
mixture at once, which turns the initial blue copper chloride solution into the greenish black. 
After 2 minutes of reaction, stirring was stopped and the reaction was allowed to continue at 
this temperature for 50 minutes at 80 °C. The obtained precipitate was washed by centrifugation 
(4000 rpm, 5 min) in an acetone-methanol (1:1, v/v) mixture three times to remove any 
unreacted reactants and the final product was dried overnight in a vacuum oven at room 
temperature. This resulted in a black powder which is bulk the CuS (Figure 3.1a). 
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Exfoliation of CuS nanosheets was performed by suspending 20 mg of the synthesised 
powder in 10 mL deionised (Milli-Q) water (Figure 3.1b) and sonicated the mixture in an 
ultrasonic bath for 5 min. The solution becomes light greenish within few seconds, confirming 
the successful exfoliation of CuS nanosheets (Figure 3.1c). Although the exfoliation of CuS 
was carried out using ultrasonic waves, the resulting nanosheets did not show high solubility 
in aqueous media without a capping agent. Therefore, 0.05 M citric acid was added into the 
aqueous suspension of CuS nanosheets which not only acted as a capping agent but also 
improved the solubility of CuS nanosheets in water. Any unexfoliated powder and unreacted 
citric acid was then removed by centrifuging the suspension at 500 rpm for 5 min and the 
supernatant was collected and stored in the dark for further use. 
3.2.3. Materials characterisation 
Samples for TEM and HR-TEM were prepared by depositing a drop of the CuS 
nanosheets solutions on a holey carbon-coated copper grid. TEM images were acquired on a 
JEOL 1010 microscope operated at 100 kV. HR-TEM images were acquired on a JEOL 2100F 
microscope operated at 80 kV. EDX maps and spectra were collected using a JEOL 2100F 
TEM instrument in STEM bright field mode. XRD patterns were collected on samples 
deposited on glass substrates using a Bruker D4 Endeavor diffractometer equipped with a Cu-
Kα radiation source and operated at 40 kV and 35 mA. XPS analysis was conducted on a 
Thermo K-Alpha X-ray photoelectron spectrometer. Samples were deposited on Au-coated Si 
substrates and the core level XPS spectra of the target elements (Cu 2p and S 2p) were obtained 
and corrected for charging effect. All spectra were corrected using Shirley background 
correction and resolved using standard Gaussian–Lorentzian functions.65 Raman spectra were 
acquired using a Horiba LabRAM HR Evolution micro-Raman system using a 532 nm laser. 
Raman spectra were backgrounded corrected using an in-house developed smoothing free 
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algorithm.66 AFM images were obtained using a Bruker Dimension Icon instrument in tapping 
mode. A Si probe with radius 7 nm, resonant frequency 70 kHz and spring constant 2 N/m was 
used for imaging. The sample for AFM imaging was prepared by simple drop-casting the 
exfoliated CuS nanosheets solution on a silicon substrate and letting the solvent evaporate 
naturally. The Cu ions in the synthesised CuS nanosheets solution were quantified using 
Agilent 4200 Microwave Plasma-Atomic Emission Spectrometer (MP-AES) after digesting the 
sample in 2% nitric acid solution. The absorbance spectra were obtained using Envision 
multimode plate reader (Perkin Elmer). Fluorescence and photoluminescence spectra were 
recorded using Fluoromax-4 spectrofluorometer at an excitation wavelength of 315 nm. 
3.2.4. Peroxidase-mimic activity of CuS nanosheets 
The peroxidase-mimic NanoZyme activity of CuS nanosheets was evaluated by 
catalysis of the peroxidase substrate (ABTS, TMB or OPD) to coloured product (green, blue 
or yellow) in the presence of H2O2 [25 ppm CuS nanosheets, 0.5 mM ABTS/ TMB/ OPD and 
10 mM H2O2] in 50 mM sodium acetate buffer (pH 4.0) at 37 °C after 15 min of reaction]. 
Upon reaction, these solutions produced coloured products and gave a maximum absorbance 
at 415, 650 and 435 nm, respectively. The effect of different parameters was also investigated. 
For example, (i) time-dependent activity at pH 4.0 and at 37 °C, (ii) the CuS nanosheets 
concentration-dependent activity (0-25 ppm equivalent of Cu ions) at pH 4.0 and at 37 °C, (iii) 
pH-dependent activity (pH 2-12 buffers) at 37 °C, and (iv) temperature-dependent activity (20-
65 °C) at pH 4.0. The highest value was defined as 100% relative activity. 0.5 mM TMB and 
10 mM H2O2 were used in all the cases. The steady-state kinetic measurements were carried 
out at pH 4.0 and at 37 °C using a fixed CuS nanosheets concentration (25 ppm) with varying 
the substrate concentration from 0.1 – 1.5 mM for TMB and 1 – 30 mM for H2O2. The kinetic 
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parameters were calculated by fitting the absorbance data to the Michaelis-Menten and 
Lineweaver-Burk plots using OriginPro 2016. 
3.2.5. Catalytic mechanism of CuS nanosheets 
The generation of different ROS species (•OH radicals, singlet oxygen, and superoxide 
radicals) by CuS nanosheets were assessed using fluorescence and UV-vis spectrophotometric 
assays. For example, the presence of •OH radical was confirmed using a fluorescence assay. In 
this experiment, terephthalic acid (TA) was used as a capturing probe for •OH radicals, which 
reacts with •OH radicals to form highly fluorescent 2-hydroxyterephthalic acid, which is 
fluorescent.67 In this experiment, 5 mM H2O2, 0.5 mM terephthalic acid and different 
concentrations of CuS nanosheets were first incubated in 1 mL of 50 mM sodium phosphate 
buffer (pH 7.0). After 6 h the solutions were centrifuged at 8000 rpm for 10 min and the 
supernatant was used to record fluorescence spectra using an excitation wavelength of 315 nm. 
Singlet oxygen generation was detected using a chemical probe ABMDMA, which can be 
potentially photo-bleached by singlet oxygen to form its corresponding endoperoxide.  In this 
experiment, 0.25 mM ABMDMA, 5 mM H2O2 and 25 ppm of CuS nanosheets were mixed in 
50 mM sodium phosphate buffer (pH 7.0). The reaction was monitored by recording the 
decrease in the absorbance at ca. 400 nm (λmax ABMDMA) after every 30 min. Superoxide 
radical generation was monitored by the reduction of MTT dye by superoxide radicals to give 
a coloured formazan product with an absorbance maximum at ca. 570 nm. The experiment was 
carried out by mixing 0.1 mM MTT, 5 mM H2O2 and 25 ppm of CuS nanosheets in 50 mM 
sodium phosphate buffer (pH 7.0). In control, 0.1 mM MTT was used in 50 mM sodium 
phosphate buffer (pH 7.0). 
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3.2.6. Antimicrobial experiments  
Monocolony of E. coli and S. aureus pure culture was transferred to 10 mL amyl 
nutrient media and grown overnight at 37 °C, at 100 rpm rotation. The cell density of the 
overnight grown bacteria was adjusted to 0.5 OD by recording optical density at 600 nm (OD600 
nm) using a UV-vis spectrophotometer. Subsequently, 1 mL of the bacterial solution was 
transferred to 100 mL of fresh media for a further conditioning at 37 °C, 250 rpm for 3 h. 
Finally, bacterial cell density was adjusted to 0.1 OD containing approximately 1 × 108 CFU 
mL-1 (CFU: colony forming unit) for the antibacterial experiments. The antibacterial activity 
of the CuS nanosheets towards E. coli and S. aureus were determined by recording the OD600 
nm using microplate reader in absence and presence of H2O2. The minimum cytotoxicity of CuS 
nanosheets and H2O2 to E. coli and S. aureus were first determined by varying CuS nanosheets 
(5 to 100 ppm) and H2O2 (0.1 to 100 mM) concentrations, independently at pH 7.0. The 
antibacterial activity of CuS nanosheets against E. coli and S. aureus were determined using 5, 
10, 20 and 25 ppm of CuS nanosheets in absence and presence of 0.5 mM H2O2 (for E. coli) 
and 5 mM H2O2 (for S. aureus) with a total reaction volume of 200 µL in 96-well plates 
incubated for 6 h at pH 7.0. In the control group, an equal amount of sterilised Milli-Q water 
and CuS nanosheets or H2O2 alone were added to the solution of E. coli or S. aureus under the 
same conditions. The relative cell death was calculated according to the following equation: 
Cell death (%) = (COD600 nm - TOD600 nm)/COD600 nm × 100  Equation 3.1      
where COD600 nm is the optical density of the control, and TOD600 nm is the optical density of the 
treatments with CuS nanosheets with H2O2 or CuS nanosheets or H2O2 alone. 
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3.2.7. Effect of catalase and ascorbic acid as quencher on the antibacterial activity of CuS 
nanosheets-H2O2 system 
CuS nanosheets were mixed with varying concentrations of ascorbic acids (0.01, 0.05 
and 0.1 mM) and catalase (1.25, 2.5 and 5 mg/mL) and the NanoZyme activity was assessed 
as described above by monitoring the absorbance at 650 nm for 20 min. Similarly, the 
antibacterial study was also evaluated using CuS nanosheets (25 ppm) and H2O2 (0.5 mM for 
E. coli and 5 mM for S. aureus) by adding ascorbic acids (0.1 mM AA) or catalase (5 mg/mL) 
in the medium. Untreated bacteria were used as control. 
3.2.8. Preparation of SEM samples for bacterial studies 
 After treatment with both CuS nanosheets and H2O2 for 6 h the bacterial suspension 
was centrifuged at 800 rpm for 5 minutes and the bacterial pellets were collected from the 
bottom of the centrifuge tube. The bacterial pellets were then fixed in 2.0% paraformaldehyde 
and 2.5% glutaraldehyde in cacodylate buffer for 30 min at 37 oC. After fixation, the bacterial 
samples were rinsed three times in a 0.1 M sodium cacodylate buffer for 5 minutes each. Clean 
Glass coverslips were prepared by coating them with 0.5% poly-lysine. The samples were then 
drop casted onto the coverslips followed by a successive dehydration steps in ethanol (50% 
ethanol-10 min, 70% ethanol-10 min, 90% ethanol-10 min, 95% ethanol-10 min, 100% 
ethanol-15 min). Next, the samples were dried by adding HMDS for 3 minutes and further the 
samples were dried overnight before attaching them on the SEM stubs. Finally, the samples 
were sputter coated with 10 nm gold with SPI Sputter Coater. The images were observed under 
FEI Verios SEM instrument operated at an accelerating voltage of 3 kV. 
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3.2.9. Biofilm formation of S. aureus 
To develop biofilm, 100 µL of fixed concentration (0.1 OD) of S. aureus bacterial broth 
was transferred into the 96 flat bottom well tissue culture plates and incubated in dark for 24 h 
at 37 °C. After incubation, the bacterial suspension was discarded and gently washed 3 times 
with sterile milli-Q water to eliminate medium and unattached bacterial cells. The plates were 
then kept at 55 °C for 1 h to ensure that the developed biofilms rigidly fix at the bottom of the 
wells. 
3.2.10. Biofilm destruction of S. aureus by CuS nanosheets-H2O2 based antibacterial 
system 
The obtained biofilms of S. aureus were than treated with 100 µL of different samples 
containing both CuS nanosheets (25 ppm) and H2O2 (5 mM), just H2O2 (5 mM) or CuS 
nanosheets (25 ppm) incubated for 6 h at 37 °C. Biofilms treated with 100 µL sterile milli-Q 
water were used as positive control. After incubation, the samples were discarded and washed 
with sterile milli-Q water twice before adding 125 µL crystal violet (0.1% w/v in water) at 
room temperature for 20 min followed by washing in sterile milli-Q water for five times and 
dried overnight in air. Finally, 125 µL of acetic acid (30% v/v in water) was added in each well 
to solubilise the crystal violate stained by the bacterial biofilms and the absorbance of the 
homogenous suspension was recorded at OD590 nm to quantify the biofilm. 
3.2.11. Inhibiting biofilm formation of S. aureus by CuS nanosheets-H2O2 based 
antibacterial system 
When developing biofilms of S. aureus, both CuS nanosheets (25 ppm) and H2O2 (5 
mM), just H2O2 (5 mM) or CuS nanosheets (25 ppm) were added into bacterial medium 
containing S. aureus in the 96 flat bottom well tissue culture plates. The plates were then 
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incubated in dark at 37 °C for 24 h followed by discarding the samples and gently washing 
with sterile milli-Q water 3 times to eliminate medium and unbound bacterial cells. The 
generated biofilms were measured by crystal violet staining method as described in the section 
3.2.9. The wells containing the same concentrations of S. aureus in a bacterial medium without 
adding the CuS nanosheets or H2O2 were used as positive controls.    
3.3. Results and discussion 
3.3.1. Synthesis and characterisation of 2D CuS nanosheets 
2D CuS nanosheets were synthesised by following a soft exfoliation approach, similar 
to that used in the recently reported 2D SnO nanosheets synthesis.64 In brief, bulk CuS was 
first prepared using thermal hydrolysis approach at 80°C by taking equimolar concentrations 
of Cu2+ and S2-. The obtained dark greenish black CuS bulk powder was collected after washing 
with acetone: methanol (1:1 v/v) solution three times. To obtain the 2D CuS thin nanosheets, 
the CuS bulk powder was exfoliated in milli-Q water using a bench top ultrasonication bath 
(Unisonics FXP4M with operating power of 40 W). Within seconds to minutes (< 5 min), the 
suspension becomes light green confirming the successful exfoliation of thin 2D CuS 
nanosheets from the bulk counterpart. In order to improve the solubility of the exfoliated 
nanosheets in the aqueous media, citric acid was added in the suspensions of CuS nanosheets. 
Finally, the unexfoliated powder and the unreacted citric acid was removed by centrifuging the 
suspension was at 500 rpm for 5 min, and the obtained supernatant is stored in the dark for 
future use.  
The morphology and crystallinity of the as exfoliated CuS nanosheets was first 
characterised using TEM and HR-TEM. As shown in the TEM image in Figure 3.2a, shows 
layered nanosheet-like morphology with smooth surface having an average length of ca. 400-
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1000 nm and an average width of ca. 300-400 nm. The crystallinity of the CuS nanosheets was 
confirmed by HR-TEM image (Figure 3.2b-c), which shows a well-ordered structure having 
continuous lattice fringes with interplanar spacings d102 = 0.29 nm (Figure 3.2b) and d006 = 0.26 
nm (Figure 3.2c) that can be indexed to the hexagonal CuS phase. 
 
Figure 3.2: Characterisation of 2D CuS nanosheets. (a) TEM, (b-c) HR-TEM, (d) STEM, (e-f) 
EDX mapping, (g) EDX spectra, (h) AFM image, (i) AFM height profile, (j) XRD pattern of 
bulk and 2D CuS and (k) Raman spectrum of the as exfoliated 2D CuS nanosheets. 
The microscopic feature of the as-exfoliated CuS was further studied by scanning 
transmission electron microscope (STEM) that suggests that the sheets are extremely thin in 
nature (Figure 3.2d). The EDX elemental mapping also confirms the presence of Cu (Figure 
3.2e) and S (Figure 3.2f) in the CuS nanosheets with no signatures obtained for O. The 
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corresponding EDX spectrum (Figure 3.2g) shows characteristic energy lines of Cu Lα (0.95 
KeV) and S Kα (2.33 KeV) arising from the CuS nanosheets (C signal arising from the carbon 
TEM grid). AFM was also used to characterise the thickness of the CuS nanosheets. Figure 
3.2h shows an AFM image of a single flake with a lateral size of approximately 120 nm and a 
height of 0.5 nm, as confirmed by a line scan (Figure 3.2i). It is reported that the theoretical 
expected thickness of CuS monolayer is 0.258 nm.68 Therefore, based on this, it can be deduced 
that the nanosheet  is composed of ~2 monolayers of CuS in a single nanosheet. This shows 
that the obtained material has a 2D morphology similar to graphene. It is reported in literature 
that the structure of CuS is analogous to the 2D honeycomb lattice of graphene, where the 
layered structure of CuS is composed of Cu atoms sandwiched between two layers of 
hexagonally close-packed S atoms.69 The weak van der Waals interactions between the sheets 
enables the stacking of sheets in the bulk crystal. The weak interplanar interactions of the sheets 
in the bulk crystal can be broken down by various driving forces. In the current study, CuS 
nanosheets was synthesized using direct ultrasonic exfoliation in water. In this method, the 
bulk CuS is effectively exfoliated into few layer nanosheets upon exposure to the ultrasonic 
waves. Ultrasonic waves generate high amount of energy for these weak forces that can 
facilitate the exfoliation of bulk CuS crystal into layered CuS without any ligands. The 
diffraction peaks (Figure 3.2j) obtained from both bulk and nano CuS can be indexed to the 
covellite structure of CuS (JCPDS no.06-0464) with the P63/mmc space group. No other 
impurity was observed. This demonstrates the high purity of the bulk CuS crystal formed from 
which the 2D CuS nanosheets are obtained through liquid phase exfoliation. The strong peak 
obtained from the (110) plane indicates that this is the dominant crystal phase of the CuS 
nanosheets. The Raman spectra of the CuS nanosheets are shown in Figure 3.2k which shows 
a strong distinct Raman band at 473.8 cm-1 which originates from the S-S lattice stretching and 
can be attributed to the covellite structure with hexagonal crystal phase. 
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Figure 3.3: (a) UV-vis absorption spectrum and (b) photoluminescence spectrum (PL) 
spectrum of the 2D CuS nanosheets. 
The UV-Vis absorption spectrum (Figure 3.3a) obtained from the CuS nanosheets 
shows a broad absorption in the near infrared region (>750 nm). This is a typical characteristic 
of covellite phase CuS as reported in the literature.70-71 In addition to the absorption spectrum, 
the photoluminescence spectrum (Figure 3.3b) shows strong emission peak at 466 nm (2.66 
eV) with several weak emission peaks (excitation wavelength of 280 nm). These emission 
peaks are in line with the peaks observed for CuS in the literature suggesting that the obtained 
material is indeed CuS.72-73  
XPS analysis was carried out to further confirm the purity, chemical composition and 
valence states of CuS nanosheets. The high resolution XPS spectrum of Cu 2p signal is shown 
in Figure 3.4a, which shows two strong peaks at 932.1 and 952.0 eV corresponds to the Cu 
2p3/2 and Cu 2p1/2 signal, respectively. These peaks can be attributed to the Cu2+ state in CuS 
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nanostructures. Two satellite peaks at 942.9 and 963.4 eV were also observed, which 
corresponds to the paramagnetic chemical state of Cu2+.74 Such satellite peaks have been 
reported to be absent in the material where the stoichiometric Cu to S ratio is 2 as the oxidation 
state of Cu would be in the Cu+1 state. The XPS spectrum for S 2p region (shown in Figure 
3.4b), shows two peaks which can be attributed to the S 2p3/2 peak centred at 163 eV and the S 
2p1/2 located at 161.9 eV that can be assigned to the S ions coordinated to Cu ions in the CuS 
nanosheets. The above data suggest that the synthesised material is indeed CuS. 
 
Figure 3.4: XPS spectra showing the (a) Cu2p and (b) S 2p core levels from CuS nanosheets. 
3.3.2. Peroxidase-mimic NanoZyme activity of CuS nanosheets 
 The NanoZyme activity of the as-prepared CuS nanosheets was first evaluated by 
catalysing the oxidation of a chromogenic peroxidase substrate TMB in presence of H2O2 as 
an electron acceptor. As shown in Figure 3.5a, a blue colour change occurs with a maximum 
absorbance at ca. 650 nm upon addition of CuS nanosheets to the mixture solution of H2O2 and 
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TMB, indicating that CuS nanosheets is capable to catalyse TMB to the corresponding diimine 
in the presence of H2O2. 
 
Figure 3.5: The NanoZyme activity of CuS nanosheets (CuS NS). (a) UV-visible spectra and 
visible colour changes for the oxidation of TMB under different conditions: (i) TMB + H2O2, 
(ii) CuS NS + TMB, (iii) CuS NS + TMB + H2O2 after 15 min of incubation. (b) UV-visible 
absorbance spectra of the oxidised ABTS, TMB and OPD substrates using CuS NS as 
NanoZyme in the presence of H2O2: (i) ABTS, (ii) OPD, and (iii) TMB. Inset shows the 
corresponding colour of reaction solutions after 15 min of reaction. (c) Time-dependent 
absorbance changes at 650 nm without or with the addition of various concentrations of CuS 
nanosheets (CuS NS) against TMB in presence of H2O2 at pH 4.0 and at 37 °C. 0.5 mM TMB 
and 10 mM H2O2 were used in all the cases.  
Control experiments show that the reaction does not occur in the absence of H2O2 or in 
the absence of the CuS nanosheets, confirming that CuS nanosheets possess intrinsic 
peroxidase-mimic activity similar to natural peroxidase enzyme horseradish peroxidase 
(HRP).18 The peroxidase-mimic NanoZyme activity of CuS nanosheets was further assessed 
using other peroxidase substrates such as ABTS and OPD. As shown in Figure 3.5b, the CuS 
nanosheets could also catalyse the oxidation of ABTS and OPD in the presence of H2O2 with 
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a strong absorbance peak at 415 and 435 nm, while producing green and yellow coloured 
products, respectively (Inset of Figure 3.5b). This suggests that the CuS nanosheets do not 
show substrate specificity. It was also observed that CuS nanosheets showed the highest 
absorbance towards TMB in contrast to ABTS and OPD oxidation. Therefore, subsequent 
experiments were performed using TMB as a peroxidase substrate. To evaluate the catalytic 
activity, it is essential to perform the experiment using different CuS concentration as a 
function of time. The Figure 3.5c shows that as the CuS concentration is increased, the 
NanoZyme activity increases as a function of time. This suggests that the kinetics of the 
reaction increases as the CuS concentration is increased.     
 
Figure 3.6: Time-dependent absorbance changes at 650 nm in different reaction systems: (i) 
TMB + H2O2; (ii) TMB + H2O2 + leaching solutions of 25 ppm CuS nanosheets; and (iii) TMB 
+ H2O2 + 25 ppm CuS nanosheets.  
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To ensure that the observed NanoZyme activity is not due to the potential leaching of 
Cu ions during the experiment, control experiments were performed where the leached 
solutions of CuS nanosheets were used (CuS nanosheets were incubated in pH 4.0 buffer for 
one hour and leached ions were separated from CuS nanosheets through centrifugation). The 
absence of catalytic activity where the leached solution was used as a catalyst ascertained that 
the observed activity is mainly due to the CuS nanosheets (Figure 3.6).  
 
Figure 3.7: The dependency of the NanoZyme activity of CuS nanosheets on (a) pH; and (b) 
temperature.  
The NanoZyme activity of CuS nanosheets was further evaluated under different 
reaction conditions, in particular, pH, temperature, and time (Figure 3.7). The CuS nanosheets 
showed NanoZyme activity over a broad pH (3.0-7.0) and temperature (30-60 °C) range with 
maximum activity at pH 4.0 and at 45 °C. The time and NanoZyme concentration-dependent 
study indicated that the absorbance at 650 nm increased as a function of CuS nanosheets 
concentrations as well as the incubation time. The activity initially increases rapidly and 
reaches a plateau within 15 min at 25 ppm CuS nanosheet concentration. Therefore, 25 ppm 
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CuS nanosheets (equivalent Cu+ ions) and 15 min incubation were chosen as optimum 
NanoZyme concentration and reaction time for further studies. For biomedical applications, it 
is important that the NanoZymes perform well at physiological pH (6.0-7.4) and temperature 
(37 °C). The experiments suggest that the CuS nanosheets have excellent catalytic activity at 
physiological conditions (~60% activity is retained at pH 7.0 and ~70% activity is retained at 
37 °C).  
3.3.3. Catalytic mechanism of CuS nanosheets NanoZyme 
The Fenton reactivity exhibited by Fe ions may give rise to the peroxidase enzyme-like 
activity of Fe3O4 nanoparticles as confirmed by the previous research works.16, 75 Likewise, the 
reason which might contribute to the catalytic mechanism of the CuS nanosheets is the presence 
of Cu2+ ions on the surface of nanosheets. Resembling Fe3+ ions, Cu2+ may play a role as a Fenton-
like reagent leading to the initiation of an interaction between the substrate and the coloured reaction 
products generated in the presence of H2O2. The mechanism most likely follows Fenton's reaction76-
77 which is similar to other CuS based peroxidase-mimic NanoZymes reported in the literature.78-
80 To confirm the proposed mechanism, •OH radical formation was evaluated by using a 
fluorescence probe, terephthalic acid (TA). The non-fluorescent TA reacts with •OH radicals to 
produce highly fluorescent 2-hydroxyterephthalic acid (HTA) which has a unique fluorescence 
around at ca. 435 nm.13 The changes in the fluorescence spectra were recorded for the solutions 
containing CuS nanosheets, TA and H2O2. As evident from the Figure 3.8a, the solution 
containing only TA did not show any fluorescence at ca. 435 nm. However, TA + H2O2 solution 
shows a slight increase in the fluorescence response which is due to the oxidation of 
terephthalic acid. This response is significantly enhanced in the presence of the CuS 
nanosheets. Therefore, in the current case, the observed PL is due to the oxidative product of 
terephthalic acid.  
Page 88 Chapter 3 
 
Figure 3.8: (a) Changes in the fluorescence spectra with increasing concentrations of CuS 
nanosheets for the reaction between •OH radicals and terephthalic acid (TA). (i) TA only, (ii) 
TA + H2O2, (iii-vii): 5, 10, 15, 20, 25 ppm CuS nanosheets with TA and H2O2. 0.5 mM TA, 5 
mM H2O2 and varying concentrations of CuS nanosheets were incubated for 6 h in 1 mL of 50 
mM sodium phosphate buffer (pH 7.0) at 37 °C. The fluorescence intensity was measured with 
an excitation wavelength of 315 nm using a spectrofluorometer. (b) Histograms of relative •OH 
radicals generation ability of CuS nanosheets with varying concentrations of H2O2. 
The fluorescence intensity increases as a function of CuS nanosheets concentrations. 
The relative •OH radical generation ability of CuS nanosheets was also studied with increasing 
concentrations of H2O2.  Figure 3.8b shows that a significant amount of •OH radical was generated 
even at a low H2O2 concentration (0.5 mM). Therefore, it is the •OH radical generated by the CuS 
nanosheets that allows the oxidation of TMB to its oxidised form. 
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Figure 3.9: Time-dependent absorbance changes of (a) ABMDMA and (b) MTT absorption 
with CuS nanosheets or CuS nanosheets and H2O2 in 50 mM sodium phosphate buffer (pH 7.0) 
at 37 °C. Control experiment was set using only ABMDMA or MTT. 
The generation of other ROS (singlet oxygen radical 1O2, or superoxide radical O•2̶ ) by 
the CuS nanosheets was also tested using specific dyes that capture these ROS. As evident 
from Figure 3.9a, the CuS nanosheets alone generate singlet oxygen and the production was 
found to increase as a function of time while compared to the control group. However, the 
presence of H2O2 along with CuS nanosheets did not accelerate the production of singlet 
oxygen. It was notable that the production of superoxide radicals was not observed either CuS 
nanosheets alone or CuS nanosheets in presence of H2O2 (Figure 3.9b). These results indicate 
that the peroxidase mimic catalytic activity of CuS nanosheets is mainly due to the generation 
of •OH radicals as evident from other peroxidase-mimic nanozymes.58 It can also be said that 
the role of singlet oxygen in the catalysis would be minimal. To further understand the catalytic 
mechanism of the CuS nanosheets NanoZyme, the steady-state kinetic analysis was carried out 
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by varying the concentrations of TMB and H2O2 independently. This would allow the 
calculation of the kinetic parameters such as Michaelis-Menten constant (Km) and maximum 
reaction velocity (Vmax). The experiments were performed by varying concentrations of TMB 
with a fixed concentration of H2O2 and vice versa as catalysed by CuS nanosheets at 37 °C in 
a reaction medium of 50 mM NaAC buffer (pH 4.0). In order to determine the kinetic of TMB 
oxidation, absorbance was recorded at 650 nm as a function of time after subsequent addition 
of CuS nanosheets solution to the reaction.  
 
Figure 3.10: (a) Steady-state kinetic assays using 25 ppm of CuS nanosheets in 50 mM sodium 
acetate buffer (pH 4.0) at 37 °C. Michaelis–Menten curve fitting for (a) varying TMB 
concentration while keeping H2O2 concentration constant at 10 mM and (b) varying H2O2 
concentration while maintaining TMB concentration constant at 0.5 mM. 
Utilising Beer-Lambert law, the absorbance data at 650 nm was converted to 
corresponding concentration by employing a molar absorption coefficient of 36000 M-1·cm-1 
for the oxidised product of TMB. Typical Michaelis−Menten curves for CuS nanosheets were 
obtained within a certain concentration range of TMB and H2O2 (Figure 3.10a and b). 
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Figure 3.11:  Steady-state kinetic assays of CuS nanosheets using double reciprocal 
Lineweaver-Burk plots with (a) TMB and (b) H2O2 as the substrate. 
The Km and Vmax were obtained from the corresponding Lineweaver-Burk plots 
determined by plotting the reciprocal of the initial velocity against reciprocal of the substrate 
concentration (Figure 3.11a and b). Generally, a lower Km value indicates higher affinity of the 
enzyme to its substrates and vice versa.21-22, 81 As shown in Table 3.1, the Km value of CuS 
nanosheets with TMB (0.53 mM) is significantly lower than that for H2O2 (6.63 mM), 
suggesting that CuS nanosheets have higher affinity for TMB. Unlike Km values, comparable 
Vmax values were obtained for both TMB and H2O2. While compared with the Km value reported 
for HRP,16 CuS nanosheets showed slightly higher Km value for TMB. However, the Km value 
of the CuS nanosheets with H2O2 was ~1.8 fold higher than that for HRP, demonstrating that 
higher H2O2 concentrations were required for CuS nanosheets to reach maximum reaction rate. 
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Table 3.1: Comparison of the apparent Michaelis-Menten constant (Km) and maximum 
reaction rate (Vmax) between the CuS nanosheets NanoZyme, previously-reported NanoZymes, 
and a natural peroxidase enzyme. 
Catalyst 
Km (mM)     Vmax (10-8 M s-1) 
TMB H2O2 TMB H2O2 
CuNPs82  1.047 31.26 3.97 26.4 
 CuS NPs62 0.0072 12.0 8.96 20.9 
CuS cluster 83  0.648 29.16 5.96 4.22 
Au NPs/PVP-GNs 84 2.63 104 13.04 11.98 
Au/CeO2 CSNPs 85 0.29 44.69 3.9 2.23 
BNNS@CuS 86 0.175 25 3.76 12.5 
Zn-CuO 87 10 71 2.877 0.3 
GBR88 0.83 10.98 0.68 3.6 
ZnFe2O4 MNPs 89 0.85 1.66 13.31 7.74 
HCNs 90 0.0386 289 5.33 14.1 
Au@HCNs 90 0.0323 210 8.63 33 
Fe-MSN 91 0.0158 520 1.01 141 
Co3O4/rGO 92 0.19 24.04 10.71 10.19 
Co3O4 92 0.3 24.64 7.82 7.30 
Co3O4 93 0.037 140.07 6.27 12.1 
CuO 87  25 400 10.49 16.1 
Zn-CuO 87 10 71 2.87 0.3 
Horseradish peroxidase 94 0.43 3.70 10.0 8.71 
CuS nanosheets (Present work)  0.53 6.63 9.71 8.01 
It was also noted that the maximum initial velocity (Vmax) of CuS nanosheets for both 
TMB and H2O2 substrates were comparable to HRP. The kinetic parameters of CuS nanosheets 
were also compared with other NanoZymes reported in the literature and it was observed that 
most of the kinetic parameters of the CuS nanosheets NanoZyme were in fact better than those 
of the reported NanoZymes (Table 3.1). Another notable observation is that the CuS nanosheets 
and most of the reported NanoZymes require higher H2O2 concentration than HRP to reach the 
maximum activity. However, the Km value for H2O2 is much lower than that reported for other 
NanoZymes (CuO 400 mM,87 Co3O4 140.07 mM,93 Au@HCNs 210 mM,90) and comparable 
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to other highly efficient NanoZymes (Co3O4@CeO2 7.09 mM,95 TiO2@CeOx 6.29 mM96). All 
these kinetic parameters are indicative towards the fact that CuS nanosheets act as an excellent 
peroxidase-mimic NanoZyme holding a strong affinity for TMB and the oxidant, H2O2. This 
also has the potential to circumvent a well-established limitation associated with inorganic 
mimics that require a comparatively higher concentration of H2O2 restricting their applications 
in the biomedical arena where high H2O2 concentrations can exhibit lethal effects.97-98 
3.3.4. Antibacterial studies 
 
Figure 3.12: The concentration-dependent antibacterial activity of (a) CuS nanosheets and (b) 
H2O2 incubated for 6 h at pH 7.0. 
On confirmation of the ability to generate different ROS (•OH, 1O2) by CuS nanosheets 
and considering the higher efficiency of ROS than H2O2 in bacterial killing, the antibacterial 
performance of CuS nanosheets was studied against both gram-negative bacteria Escherichia 
coli (E. coli) and gram-positive indicator bacteria Staphylococcus aureus (S. aureus). The 
antibacterial activity was determined by monitoring the optical density of the bacterial 
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suspension at 600 nm (OD600 nm) at different time intervals. To ensure that there is minimal 
toxicity from both CuS nanosheets and H2O2, antibacterial experiments were first performed 
using different concentrations of CuS nanosheets (0-100 ppm) and H2O2 (0-100 mM) against 
both E. coli and S. aureus. As shown in Figure 3.12a, the CuS nanosheets showed a dose-
dependent antibacterial activity in absence of H2O2. The CuS nanosheets demonstrated 
minimal cytotoxicity within 6 h towards E. coli and S. aureus at a concentration below 25 ppm 
(~25% for E. coli and ~18% for S. aureus). Similarly, varying concentrations of H2O2 were 
also tested that displayed different cytotoxicity towards E. coli and S. aureus.  As evident from 
Figure 3.12b, 1 mM H2O2 had minimal influence against E. coli (less than 14%), whereas 5 
mM H2O2 showed minimal cell death (less than 25%) to S. aureus.  
 
Figure 3.13: Time-dependent antibacterial activity of 25 ppm of CuS nanosheets with varying 
concentrations of H2O2 or H2O2 alone against E. coli (a,b, and c) and S. aureus (d,e, and f) at 
pH 7.0.  
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A time-dependent antibacterial study was then performed using 25 ppm CuS 
nanosheets with increasing concentrations of H2O2 against both E. coli and S. aureus incubated 
at pH 7.0 (Figure 3.13). As shown in Figure 3.13, the efficiency of bacterial killing increased 
as a function of H2O2 against both E. coli (Figure 3.13a-c) and S. aureus (Figure 3.13d-f). For 
E. coli, 0.5 mM H2O2 showed the highest efficiency (Figure 3.13c) while 5 mM H2O2 showed 
the highest efficiency for S. aureus (Figure 3.13f) where over 90% cell death was observed. 
The different dose of H2O2 required for E. coli and S. aureus could be due to different structures 
and distinct chemical compositions of their cell walls.99  
 
Figure 3.14: Cell death of E. coli (a) and S. aureus (b) treated with varying concentration of 
CuS nanosheets or CuS nanosheets and H2O2 (0.5 mM for E. coli and 5 mM for S. aureus) 
incubated for 6 h at pH 7.0. 
In addition, the antibacterial activity of different concentrations of CuS nanosheets in 
the absence and presence of a fixed concentration of H2O2 (0.5 mM for E. coli and 5 mM S. 
aureus) was also studied. As shown in Figure 3.14a and b, in the presence of H2O2, the CuS 
nanosheets exhibited dose-dependent antibacterial activity where highest bacterial killing was 
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observed at 25 ppm CuS nanosheets for both E. coli and S. aureus. These results signify that 
CuS nanosheets-H2O2 system implies a strong antibacterial activity for both gram-negative and 
gram-positive bacteria rather than CuS nanosheets or H2O2 alone.  
3.3.5. SEM analysis of bacteria 
 
Figure 3.15: SEM images of (a) untreated E. coli and (b) E. coli treated with CuS nanosheets 
and H2O2. (c) untreated S. aureus and (d) S. aureus treated with CuS nanosheets and H2O2. 
Scale bars are 4.0 µm. (arrows indicate damaged cells). 
Next, the overall changes in bacterial morphology before and after treatment with CuS 
nanosheets-H2O2 system was assessed by Scanning Electron Microscopy (SEM). As shown in 
Figure 3.15a, typical rod shape morphology with smooth and intact cell walls was observed for 
untreated E. coli cells. After treatment with CuS nanosheets-H2O2 (Figure 3.15b), the cells 
appeared shrunken and damaged with protrusions indicating the loss of cellular integrity. As 
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for S. aureus, similar results were observed. In the control group, the S. aureus cells were 
spherical shaped and smooth with clear edges (Figure 3.15c); however, after treatment with 
CuS nanosheets-H2O2, the cells show severe roughness with dents and wrinkles (Figure 3.15d). 
This suggests that the ROS generated due to the peroxidase-mimic activity of CuS indeed 
destroys the cell membrane leading to the death of the bacteria. 
3.3.6. Effect of quencher on the catalytic performance of CuS nanosheets 
To further validate the antibacterial activity of CuS nanosheets is mainly due to the 
generation of ROS (•OH, 1O2) not from other factors, a ROS quenching study was performed 
using ascorbic acid (AA). Ascorbic acid is a well-known anti-oxidant to effectively quench the 
different ROS in the living organisms.100 To achieve the optimum concentration required for 
ROS suppression, three independent concentrations of AA (0.01, 0.1 and 0.5 mM) were first 
utilised to study the quenching of the peroxidase mimic NanoZyme activity of CuS nanosheets. 
The quenching of the NanoZyme activity was monitored by recording the decrease in the 
absorbance at 650 nm. 
 
Figure 3.16: The effect of ascorbic acid (AA) as a quencher on the NanoZyme activity of CuS 
nanosheets. In the control group, CuS nanosheets with TMB and H2O2 were used whereas 0.01, 
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0.05 or 0.1 mM ascorbic acid was additionally added in the experimental groups. The 
experiment was carried out using 25 ppm of CuS nanosheets, 0.5 mM TMB and 10 mM H2O2 
in 50 mM sodium acetate buffer (pH 4.0) at 37 °C. 
As shown in the Figure 3.16, the rate of TMB oxidation decreased with the increasing 
concentrations of AA, whereas, 0.1 mM displayed maximum quenching for ROS. Therefore, 
0.5 AA concentration was selected as an optimum ROS quencher for antibacterial study.  
 
Figure 3.17: The quenching effect of ascorbic acid (AA) on the antibacterial performance of 
CuS nanosheets against both E. coli and S. aureus. Untreated bacteria were used as control. 
Conditions: 25 ppm CuS nanosheets, H2O2 (0.5 mM for E. coli and 5 mM for S. aureus) and 
0.1 mM AA incubated for 6 h at pH 7.0. 
This particular concentration of AA (0.1 mM) was applied in conjunction with CuS 
nanosheets or CuS nanosheets and H2O2 to observe the resulting bactericidal effect against E. 
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coli and S. aureus (Figure 3.17). It was found that in presence of AA, CuS nanosheets plus 
H2O2 system almost lose its antibacterial activity. This is mainly because the AA molecules 
quench any ROS that are generated by CuS nanosheets, thus facilitating the inhibition of 
bacterial cell death. This ROS quenching experiment further confirms that the observed 
antibacterial activity was mainly due to the generation of ROS (•OH or 1O2) by CuS nanosheets. 
 
Figure 3.18: The effect of catalase (Cat) enzyme on the NanoZyme activity of CuS nanosheets. 
In the control group, CuS nanosheets with TMB and H2O2 were used whereas 1.25, 2.5 or 5 
mg/mL catalase was additionally added in the experimental groups. Conditions: 25 ppm of 
CuS nanosheets, 0.5 mM TMB and 10 mM H2O2 in 50 mM sodium acetate buffer (pH 4.0) at 
37 °C. 
Followed by confirming the ROS dependent antibacterial activity of CuS nanosheets, 
further investigations were carried out to understand the individual contribution of different 
ROS (•OH vs. 1O2) in the overall bacterial killing. For this, initially CuS nanosheets NanoZyme 
activity was studied in the presence of varying concentrations (1.25 to 5 mg/mL) of catalase 
enzyme, which is a well-known for converting H2O2 into water and O2 thus suppressing the 
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NanoZyme activity of the CuS nanosheets (Figure 3.18).101 Due to the higher affinity of 
catalase enzyme to H2O2, it was observed that all the tested catalase concentrations efficiently 
suppressed the NanoZyme activity of CuS nanosheets. This was mainly due the catalytic 
degradation of H2O2 by catalase, which eventually quenched the NanoZyme activity of CuS 
nanosheets. It was reported that catalase enzyme can undergo degradation over time in presence 
of singlet oxygen,102 therefore, an excess concentration (5 mg/mL) of catalase was chosen to 
carry out further antibacterial investigations.  
 
Figure 3.19: The effect of catalase (Cat) enzyme on the antibacterial performance of CuS 
nanosheets against E. coli and S. aureus. Untreated bacteria were used as control. Conditions 
are: 25 ppm CuS nanosheets, H2O2 (0.5 mM for E. coli and 5 mM for S. aureus) and 5 mg/mL 
catalase incubated for 6 h at pH 7.0. 
As evident from Figure 3.19, in the presence of catalase, CuS nanosheets mediated E. 
coli cell death was similar to the bactericidal activity caused by CuS nanosheets itself without 
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the addition of catalase, revealing that catalase did not interfere the antibacterial activity of CuS 
nanosheets. However, when catalase was added into the CuS nanosheets-H2O2 system, a 
significant decrease in the antibacterial performance was observed. This experiment confirms 
that the CuS nanosheets alone possess antibacterial activity which is mainly due to the 
generation of singlet oxygen. Furthermore, the antibacterial activity of CuS nanosheets 
significantly increases with the assistance of H2O2, whereas, both singlet oxygen and •OH 
radicals participate in the bacterial killing. When tested this sequestering effect of catalase 
against S. aureus, similar findings were obtained indicating major bacterial killing was 
contributed by •OH free radical. These results indicate that the CuS nanosheets-H2O2 based 
system showed a synergistic antibacterial activity which is mainly due to the generation of both 
singlet oxygen and •OH radicals. 
3.3.7. Biofilm elimination 
Bacterial biofilms consist of complex micro-organisms whereas microbial cells adhere 
to biotic or abiotic surfaces forming a self-produced matrix. Biofilm formation is infectious 
and causes serious health problems and diseases including tooth decay, chronic infections, as 
well as biofouling of implants and biomedical devices, etc.4 In recent years, a range of strategies 
have been explored for the eradication of biofilm, despite destruction of biofilm is still a 
challenge due to the protective organic layer of biofilm mode of growth.103-104 In this study, the 
effect of CuS nanosheets-H2O2 antibacterial system was applied on the destruction and 
inhibition on biofilm formation of the S. aureus bacteria. To establish if CuS nanosheets shows 
the ability to eradicate biofilms, the widely reported crystal violet (CV) assay was used to 
quantify the biofilm biomass.105-106 During the assay, CV binds to the components of the 
biofilm such as polysaccharides and eDNA in the extracellular matrix. As CV binds to living 
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cells, dead cells as well as matrix component, the reading obtained (OD at 590 nm) after CV 
assay generally provides a quantitative measurement of the biofilm biomass. 
 
Figure 3.20: (a) The effect of the CuS nanosheets-H2O2 based antibacterial system on the 
biofilm destruction of S. aureus. (b) The effect of the CuS nanosheets-H2O2 based antibacterial 
system on the biofilm formation of S. aureus. The S. aureus biofilm without adding the CuS 
nanosheets or H2O2 were used as controls. 
When challenged to destroy an existing biofilm, the CuS nanosheets containing H2O2 
resulted in a significant reduction in the existing biofilms. The treatment with CuS nanosheets 
or H2O2 alone also showed some effect for biofilm destruction (Figure 3.20a). However, this 
was less than 20%. Furthermore, when the CuS nanosheets containing H2O2 was added to 
media containing a biofilm forming strain of S. aureus, it resulted in strong inhibition of biofilm 
formation (Figure 3.20b). In control groups, where wells were treated with either CuS 
nanosheets or H2O2 independently, inhibition of biofilms was also observed. However, the 
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efficiency was significantly lower that observed when both components were present together. 
This suggests that it is the ability of the CuS nanosheets to convert H2O2 to produce •OH 
radicals in the reaction medium that can not only damage existing biofilms but also inhibit the 
formation of new biofilm. 
3.4. Conclusions 
In summary, this chapter demonstrates a unique antibacterial strategy based on 
peroxidase-mimic 2D CuS nanosheets. The 2D CuS nanosheets obtained by a simple liquid 
phase exfoliation process have a large active surface area and many exposed reaction sites, 
with superior kinetic parameters to other NanoZymes. The 2D CuS nanosheets show excellent 
peroxidase-mimic activity which catalyse the degradation of H2O2 into •OH radicals much more 
efficiently, even at relatively low H2O2 concentrations. Due to the strong antibacterial activity 
of ROS, CuS nanosheets-H2O2 system exhibits striking antibacterial activity against Gram-
negative bacteria Escherichia coli and Gram-positive bacteria Staphylococcus aureus. 
Moreover, CuS nanosheets-H2O2 antibacterial system shows high efficiency in breaking down 
the existing biofilm and preventing the formation of new biofilm. This study provides strong 
evidence that the 2D CuS nanosheets as an artificial enzyme can be utilised as the efficient 
antibacterial agent.  
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Chapter 4  
Visible light as “trigger” to modulate ROS 
production of CuO NanoZyme for 
antibacterial applications 
 
The rapid emergence of antibiotic-resistant bacterial strains warrants new strategies for 
infection control. The development of photoactive NanoZymes offers a promising avenue 
to use light as a ‘trigger’ to modulate the bacterial activity. This chapter utilises the ability 
of visible light to act as an external trigger for controlling the antibacterial property of 
semiconducting copper oxide nanorods (CuO NRs). In this study a new synthesis approach 
was developed that employs a highly basic tertiary amine (triethylamine, pKa: 10.75) to 
produce visible light-active CuO NRs. The favourable band structure of CuO NRs (band 
gap of 1.44 eV) allows visible light to control the antibacterial activity. Photomodulation 
of the peroxidase-mimic activity of CuO NRs enhances its affinity to H2O2, thereby 
remarkably accelerating the production of reactive oxygen species (ROS) by 20 times. 
This photoinduced NanoZyme-mediated ROS production catalyses physical damages to 
the bacterial cells, thereby enhancing the antibacterial performance against Gram-negative 
indicator bacteria Escherichia coli.  
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4.1 Introduction 
The rapid emergence of infectious disease outbreaks due to mutating pathogenic strains 
of bacteria and other microorganisms pose a serious public health risk worldwide.1 Currently, 
antibiotics act as the primary line of defence through either preventing pathogens from 
multiplying by a bacteriostatic action, or causing bactericidal effect to directly kill infectious 
organisms.1-2 A number of other materials including polymers,3 metal ions,4 chemically 
modified natural compounds,5 and quaternary ammonium compounds,6 have also been 
explored as antibacterial agents, but not without associated challenges and limitations.5-6 In 
particular, the extensive use of antibiotics over the past several decades has brought mankind 
to a stage where efficient management of antibiotic-resistant pathogenic strains has become 
one of the biggest challenges for our current and future generations.1-2 This has prompted the 
exploration of new alternative strategies to combat ever-evolving pathogenic bacteria.4, 6-7 
Nanoscale materials including metal,8-9 metal oxides,10 and metal-organic semiconductors11  
have been explored as a viable alternative to the current antibiotic-based treatments.  
In a more recent parallel development, the inorganic mimics of natural enzymes 
(NanoZymes) have received intensive attention with a promise to catalyse biologically-relevant 
reactions.12-16 This interest in NanoZymes (nanoparticles as artificial enzymes) is due to the 
low synthesis cost, high ambient stability, amenity to scale up, tunable catalytic properties,17-
22 and in certain cases, selective toxicity against bacteria over mammalian systems. Such 
properties have recently seen the exploration of NanoZymes for a range of applications, with a 
strong focus on sensing and diagnostics.12-16 Lately, a new direction of research has emerged 
where the enzyme-like catalytic activity of nanoparticles has been assessed for its potential in 
bacterial control.23-27 This concept of NanoZyme-mediated antibacterial activity stems from 
the ability of nanoparticles to catalyse the conversion of H2O2 to hydroxyl radicals (•OH), a 
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reactive oxygen species (ROS) which may then participate in antibacterial activity.23-27 
However, one of the major limitations of the current approach is that most of the known 
NanoZymes do not depend on an external ‘trigger’ to allow tunability of their antibacterial 
activity. This means that similar to an antibiotic, these NanoZymes are likely to remain 
continuously active and may, therefore, allow opportunistic bacteria to develop resistance. In 
contrast, regulating the antimicrobial activity of NanoZymes on-demand by using an external 
‘trigger’ mechanism may be highly desirable.  
The use of light as an external trigger to control biological activity is highly attractive 
as it offers high spatiotemporal resolution without the need for a physical contact.28 In fact, the 
reversible trans-cis photoisomerization ability of photochromic molecules such as azobenzene 
and its derivatives under UV-visible photoillumination has been widely explored.29 For 
instance, recently it has been reported that the bacterial and biofilm forming ability of 
carbohydrate-based surfactants containing an azobenzene moiety can be finely controlled using 
light as an external trigger.30-31 Similar to photochromic molecules, the light-absorbing 
properties of nanomaterials have also created distinct opportunities in exploiting light to 
activate nanomaterials for a myriad of processes ranging from the photocatalytic splitting of 
water to photodegradation of environmental pollutants, photodynamic therapies and control of 
biological processes.29, 32-38 Overall, while light offers remarkable potential as an external 
trigger to control the antibacterial property, combining the use of light as ‘trigger’ with the 
NanoZyme activity of nanomaterials remains a relatively unexplored area of research.  
Considering the effectiveness of NanoZymes as antibacterial agent outlined in the 
previous chapter (chapter 3), the current study further broadens up this concept by exploring 
the ability of using light as an external ‘trigger’ to modulate the antibacterial performance of 
semiconducting nanorods (NRs) of CuO. The current study shows that visible light illumination 
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of CuO NRs modulates their affinity to H2O2, thereby providing a facile control over its 
enzyme-like catalytic and antibacterial performance. In comparison to non-illuminated 
conditions, the apparent binding affinity of CuO NRs to H2O2 is observed to increase by over 
four times (4.35 times) under visible light illumination. This leads to 20 times improvement in 
the rate of ROS production. These factors remarkably improve the antibacterial performance 
of photoilluminated CuO NRs by enhancing the •OH radical formation even at low H2O2 
concentrations. As such, the salient features of the current study include (i) a new synthesis 
protocol to fabricate high surface area NanoZymes; (ii) using light as an external ‘trigger’ to 
catalyse the antibacterial performance; and (iii) a reversible regulation of the NanoZyme 
catalytic activity by controlling the affinity of the NanoZyme to H2O2.  
4.2 Experimental Section 
4.2.1 Materials 
Cupric chloride (CuCl2.2H2O), sodium acetate trihydrate (anhydrous) and di-sodium 
hydrogen phosphate were purchased from BDH Chemicals Ltd. 3,3′,5,5′-tetramethylbenzidine 
(TMB), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), o-
phenylenediamine (OPD), triethylamine (TEA), L-ascorbic acid (AA), terephthalic acid (TA), 
9,10-anthracenediyl-bis (methylene) dimalonic acid (ABMDMA), and 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)  were purchased from Sigma-Aldrich, 
Australia. Ethanol (C2H5OH, 100%) and hydrogen peroxide (H2O2, 30% w/w) were purchased 
from Chem-Supply Pty Ltd. Amyl media nutrient broth was purchased from Amyl Media Pty 
Ltd. Paraformaldehyde, glutaraldehyde and osmium tetroxide were purchased from 
ProSciTech, Australia. Escherichia coli (E. coli ATCC 25922) bacterial strain was purchased 
from Southern Biologicals. Milli-Q water (18.2 MΩ cm) was obtained from Milli pore water 
purification system and was used for the preparation of all solutions.  
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4.2.2 Synthesis of CuO nanorods 
A solution-based approach was used to obtain CuO NRs.  In a typical synthesis, 0.2 M 
copper chloride (II) dihydrate (CuCl2.2H2O) was first dissolved in 40 mL of deionised (Milli-
Q) water in a round bottom flask. This mixture was heated to 80 °C and was maintained at this 
temperature under stirring (500 rpm) conditions. To this mixture, 5 mL of triethylamine was 
added and stirred continuously for one hour after which the solution was allowed to cool at 
room temperature. The precipitate obtained from this reaction was washed in a acetone: 
methanol (1:1 v/v) mixture and dried in vacuum to obtain a greyish-black powder. 
4.2.3 Materials characterisation 
Samples for TEM and HR-TEM were prepared by drop coating the samples on a holey 
carbon TEM grid and holey carbon-coated nickel grid, respectively. The samples were 
analysed using JEOL 1010 and JEOL 2100F microscopes, operated at an accelerating voltage 
of 100 and 80 kV, respectively. EDX maps and spectra were collected using a JEOL 2100F 
TEM instrument in STEM bright field mode with a Bruker detector. The SEM images of the 
commercial CuO microparticles (MPs) and CuO NRs were obtained using FEI Quanta SEM 
instrument operated at an accelerating voltage of 10 kV. XRD was obtained using Bruker AXS 
D4 Endeavour – Wide Angle XRD with Cu Kα radiation (λ: 1.5406 Å). XPS measurements 
were carried out using a Thermo K-Alpha X-ray photoelectron spectrometer. Cu 2p, O 1s and 
N 1s core level spectra were recorded with un-monochromatised Al Kα radiation (photon 
energy of 1486.7 eV) at a pass energy of 20 eV and an electron take-off angle of 90°. The 
overall resolution was 0.1 eV for all XPS measurements. The core level spectra were 
background corrected using the Shirley algorithm and chemically distinct species were 
resolved using nonlinear least squares fitting procedure.39 The binding energies (BEs) were 
aligned with an adventitious carbon binding energy of 285 eV. The Cu ions were quantified 
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using Agilent 4200 Microwave Plasma-Atomic Emission Spectrometer (MP-AES). The 
Raman spectra were obtained using a Horiba LabRAM HR Evolution micro-Raman system 
equipped with a 532 nm laser (0.5 μm lateral resolution, 0.25 s exposure) using a 100× 
objective. Raman spectra were background corrected using an in-house developed smoothing 
free algorithm.40 AFM images were obtained using a Bruker Dimension Icon instrument in 
tapping mode. The absorbance spectra were obtained using Envision multimode plate reader 
(Perkin Elmer). Fluorescence spectrometry was performed using a Fluromax-4 
spectrofluorometer at an excitation wavelength of 315 nm. The specific surface area of the CuO 
NRs was measured using nitrogen (N2) adsorption isotherms at –196 °C using a Braunauer-
Emmett- Teller (BET) analysis method on a Micromeritics (ASAP 2000) instrument. For all 
light illumination experiments, a broadband 12 W white light emitting diode (LED) lamp 
(Techbrands by Electus Distribution Pty Ltd. New South Wales, Australia) was used in which 
the distance between the lamp and solution was ~5.6 cm with an intensity of 15.61 mW cm-2. 
Optical absorption spectra of CuO NRs suspended in water were obtained on an Agilent Cary 
7000 spectrophotometer equipped with an integrating sphere by positioning the sample inside 
the sphere to eliminate the scattering contribution. The Tauc analysis was conducted assuming 
indirect band gap transition. Photoelectron Spectroscopy in Air (PESA) was conducted on a 
Riken Keiki AC-2 spectrometer using 20 nW radiation on samples deposited on glass 
substrates. 
4.2.4 Peroxidase-mimic catalytic performance of CuO nanorods 
The peroxidase-mimic NanoZyme activity of CuO NRs was investigated through its 
ability to oxidise peroxidase substrate (ABTS, TMB or OPD) to coloured product (green, blue, 
yellow) in the presence of H2O2 [25 ppm CuO, 0.1 mM ABTS/ TMB/ OPD and 100 mM H2O2 
in 50 mM sodium acetate buffer (pH 4.0) at 37 °C after 20 min of reaction]. These coloured 
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products were characterised by typical absorbance signal at ca. 415, 650 and 450 nm, 
respectively. Further, using ABTS as the peroxidase substrate, (i) time-dependent activity, (ii) 
the CuO NRs concentration-dependent activity (0-25 ppm equivalent of Cu ions), (iii) pH-
dependent activity (pH 3–12 buffers) at 37°C, and (iv) temperature-dependent activity (10–60 
°C) were determined. The time-dependent experiment was performed in pH 4.0 sodium acetate 
buffer and the absorbance of oxidised ABTS at 415 nm was plotted. The pH dependency 
experiment was carried out at 37 °C while the CuO NRs concentrations and temperature 
dependency experiments were performed at pH 4.0. The highest value was defined as 100% 
relative activity. 0.1 mM ABTS and 100 mM H2O2 were used in all the cases. The steady-state 
kinetic analysis was performed at a fixed Cu ion concentration (25 ppm) by varying the 
substrate concentration from 0.01 – 0.3 mM for ABTS and 1 – 1000 mM for H2O2. The 
obtained data were fitted to Michaelis-Menten and Lineweaver-Burk plots using OriginPro 
2016 and the apparent enzyme kinetic parameters were calculated. 
4.2.5 Mechanism of peroxidase-mimic activity of CuO nanorods 
The generation of different ROS (•OH radicals, singlet oxygen, and superoxide radicals) 
by CuO NRs in the presence and absence of light illumination were determined using 
fluorescence and UV-vis spectrophotometric assay. These assays are outlined in the previous 
chapter (chapter 3, section 3.2.5). In this study, •OH radicals generation was tested by mixing 
10 mM H2O2, 0.5 mM terephthalic acid and 25 ppm of CuO NRs in 1 mL of 50 mM sodium 
acetate buffer (pH 4.0). The fluorescence spectra were recorded at an excitation wavelength of 
315 nm. To examine singlet oxygen generation, 0.25 mM ABMDMA, 1 mM H2O2 and 20 ppm 
of CuO NRs were mixed in 50 mM sodium acetate buffer (pH 6.0). The reaction was monitored 
by recording absorbance at ca. 400 nm. Superoxide radical generation was tested by mixing 
0.1 mM MTT, 1 mM H2O2 and 20 ppm of CuO NRs in 50 mM sodium acetate buffer (pH 6.0) 
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and the reaction was monitored by recording absorbance at ca. 570 nm. Control experiments 
were performed without adding CuO NRs and H2O2 in the reaction medium.  
4.2.6 Antimicrobial experiments 
The antibacterial experiments using E. coli were carried out as per the protocol 
described in chapter 3, section 3.2.6. In this study, the minimum cytotoxicity of nanoparticles 
and H2O2 to E. coli was first determined by varying CuO nanoparticle (0 to 100 ppm) and H2O2 
(0 to 100 mM) concentrations, independently at pH 6.0 and 7.0 under both dark and light 
illumination conditions. The antibacterial activity of CuO NRs against E. coli was determined 
at different pH (6.0, and 7.0) using 5, 10 and 20 ppm of CuO NRs in absence and presence of 
1 mM H2O2. The pH values of nutrient medium were adjusted using hydrochloric acid. In the 
control group, an equal amount of sterilised Milli-Q water and 5, 10 and 20 ppm of CuO NRs 
or H2O2 (1 mM) alone were added to the solution of E. coli under the same conditions. The 
relative cell death was calculated according to the following equation: 
Cell death (%) = 100 – [(TOD=600 nm/COD=600 nm) × 100]         Equation 4.1 
where COD=600 nm is the optical density of the control, and TOD=600 nm is the optical density of the 
treatments with CuO NRs with H2O2 or CuO NRs or H2O2 alone. 
4.2.7 Effect of a quencher on the antimicrobial performance of CuO nanorods 
CuO NRs were mixed with three concentrations of ascorbic acid (0.01, 0.1 and 0.5 mM) 
and the peroxidase-like activity was evaluated as described above by recording the changes in 
absorbance at 415 nm for 20 min under both dark and light illumination conditions. Similarly, 
bacterial suppression studies were also performed in the presence of CuO NRs concentrations 
(5, 10 and 20 ppm) and 1 mM H2O2 at pH 6.0 by adding 0.5 mM ascorbic acid in the reaction 
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medium under both dark and light illumination conditions. Control experiments were 
performed without adding CuO NRs in both of the reaction medium. 
4.2.8 Preparation of TEM samples for bacterial studies 
After treatment with both CuO NRs and H2O2, the CuO NRs were removed from the 
bacterial solution by centrifugation at 500 rpm for five minutes. Then, bacterial pellet was 
collected in sterilised centrifuge tubes, washed with a 0.2 M cacodylate buffer, and fixed in 2% 
paraformaldehyde + 2.5% glutaraldehyde in a 100 mM cacodylate buffer (pH 7.4) for 2 h. After 
fixation, the samples were rinsed three times in a 100 mM cacodylate buffer. The samples were 
post-fixed in 1% osmium tetroxide in distilled water for 1.5 h at room temperature. After 
fixation, the samples were washed three times in distilled water for 10 min. The samples were 
dehydrated in a graded series of ethanol (from 50 to 100%) for 10 min for each step and 
dehydrated in absolute acetone for 30 min. After extensive dehydration, the samples were 
infiltrated with different ratios of acetone and Spurrs resin with increasing resin concentration 
overnight. The samples were finally infiltrated in fresh Spurrs resin twice for 2 h each. The 
resin infiltrated samples were polymerised in the oven at 70 °C. Ultra-thin sections of 90 nm 
thickness were cut, post-stained and imaged using a JEOL 1010 microscope operated at an 
accelerating voltage of 80 kV.  
4.3 Results and discussion 
4.3.1 Synthesis and characterisation of CuO nanorods 
A solution based facile approach was developed to synthesise CuO NRs under ambient 
conditions. In a typical synthesis, when a short chain allylamine (triethylamine) is introduced 
to an aqueous solution of copper chloride, the high basicity of triethylamine (pKa: 10.75) 
allows it to act as a hydrolysing agent to spontaneously produce CuO NRs. While long chain 
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alkylamines are regularly used as surfactants for the shape-directed growth of various 
crystals,41 the use of small chain organic amines for such purposes is rather limited.42  
 
Figure 4.1: Characterisation of CuO NRs. (a) TEM, (b) HR-TEM, (c) FFT pattern, (d-e) EDX 
maps, (f) EDX spectrum, (g) AFM image, (h) AFM height profile measured at marker 1 
indicated in (g), (i) XRD pattern with atomistic model of CuO, and (j) confocal Raman 
spectrum from a single NR. 
Triethylamine was chosen for the aqueous synthesis of CuO NRs because of the 
amphiphilicity of TEA molecules that allows the hydrolysis of copper salts to proceed in 
aqueous solutions without additional alkali, surfactant or a shape-directing agent. It was 
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observed that TEA directed the crystal growth, resulting in the formation of CuO NRs, a 
process commonly observed with long chain alkylamines.42 The subsequent washing of CuO 
NRs with an acetone-methanol mixture and overnight drying resulted in a greyish-black 
powder.  
CuO NRs were thoroughly characterised using TEM, HR-TEM, EDX, AFM, XRD and 
Raman spectroscopy as shown in Figure 4.1. The TEM image shows rod-like morphology 
(Figure 4.1a) with an average length of ca. 2.2 ± 0.67 µm and an average width of ca. 70.1 ± 
14.7 nm. The HR-TEM image (Figure 4.1b) shows a well-ordered structure with continuous 
lattice fringes and d-spacing of 1.76 Å, 2.52 Å and 2.86 Å, corresponding to the (020), (002) 
and (011) planes of the monoclinic symmetry of the CuO crystal. The corresponding Fast 
Fourier transform (FFT) pattern shown in Figure 4.1c further confirms the high crystallinity of 
these CuO NRs. The EDX elemental map (Figure 4.1d) and individual mapping of the Cu Kα 
edge (Figure 4.1e) suggests that the NRs are composed of Cu and O (Ni signal arising from the 
nickel TEM grid). The corresponding EDX spectrum (Figure 4.1f) shows characteristic energy 
lines of Cu Lα (0.929 keV) and O Kα (0.524 keV) arising from the CuO NRs. AFM analysis 
of the NRs (Figure 4.1g) further confirms the rod-like morphology of CuO, while the height 
profile suggests that the NRs are, on an average, approximately 30-35 nm thick (Figure 4.1h). 
The AFM height profile also points towards the flat 2-Dimensional (2D) nature of the CuO 
NRs. The Bragg reflections obtained from XRD could be perfectly indexed to the standard 
monoclinic symmetry of CuO (ICDD 45-0937). Additionally, the strong XRD signature at 
35.56° corresponding to the (-111) crystal plane of CuO supports that triethylamine selectively 
directs the crystal growth to achieve the 2D nanorod morphology (Figure 4.1i). The absence of 
peaks corresponding to Cu(OH)2 or other Cu species shows the ability of the synthesis process 
to produce high purity material. The broad peak at 22° in the XRD spectrum is attributed to the 
SiO2 glass substrate on which CuO NRs were drop-casted for analysis. Confocal Raman 
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spectroscopy of individual NRs further reaffirms the purity of CuO (Figure 4.1j) through 
presenting three characteristic vibrational peaks at 280, 330 and 614 cm–1, corresponding to 
the A1g, B1g,  and B2g modes, respectively.43  
   
Figure 4.2: XPS spectra showing the (a) Cu 2p and (b) N 1s core levels from CuO NRs. 
X-ray photoelectron spectroscopy (XPS), a highly surface sensitive technique, was also 
used to confirm the oxidation state of Cu and the likely presence of triethylamine on the surface 
of CuO NRs (Figure 4.2). The Cu 2p core level shows two characteristics 2p3/2 and 2p1/2 
splitting components (spin-orbit splitting 19.7 eV) with peaks arising at binding energies of ca. 
933.5 and 953.2 eV, respectively, corresponding to the Cu2+ oxidation state.44 In addition, two 
shakeup satellite peaks were also observed, which are due to the non-adiabatic relaxation of 
the electron cloud that upon photoionization promotes a valence electron to an unoccupied 
state. This gives rise to the shakeup transition as extra peaks in the XPS spectrum. The presence 
of such satellite peaks is a characteristic feature specifically when Cu is present in the Cu2+ 
oxidation state.44 The presence of these peaks further confirms that the material is indeed in a 
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highly pure-phase CuO NR. Furthermore, the absence of peaks in the N 1s core level confirms 
that the triethylamine used during the synthesis does not attach to the surface of the CuO NRs. 
Traditional metal oxide photocatalysts have large band gaps (such as TiO2 with a band 
gap of 3.2 eV), meaning that these materials predominately absorb the UV light. However, the 
mutagenicity and associated biohazards of the UV radiation limit the practical applicability of 
these materials for biological applications.45 Typical approaches for lowering band gap of 
semiconductors include doping strategies or hybridizing traditional metal oxides with metal 
nanoparticles.45-47 Another viable alternative to allow semiconducting materials to absorb 
visible light is to use semiconductors with smaller band gap energies. In semiconductor based 
photocatalysts, the band gap and charge-carrier mobility are important parameters in 
determining the photocatalytic activity.48 During light driven catalytic reactions, it is well-
known that the catalytic activity of the material is enhanced when light illumination can excite 
an electron from the valence to conduction band. For this, the light must have energy equal to 
or greater than the band gap of the semiconducting material. In this regard, CuO, a p-type 
transition metal oxide, is known to possess interesting physicochemical properties, including a 
narrow band gap.49-53 Considering that the use of light as an external ‘trigger’ is central to the 
production of •OH radicals, the optical band gap of CuO NRs was calculated using optical 
spectroscopy and determined the valence band energy levels using PESA, as shown in Figure 
4.3.  
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Figure 4.3: (a) Absorption spectrum; (b) Tauc plot assuming indirect band transition; and (c) 
photoelectron yield measured with PESA for CuO NRs. 
The band gap of CuO NRs was determined using absorption spectroscopy (Figure 4.3a), 
positioning the cuvette with the CuO solution inside an integrating sphere to remove scattering 
contribution. Optical band gap of the CuO NRs was determined from the Tauc’s plot according 
to the equation: 
                     (ߙℎߥ)1/n = ܣ(ℎߥ −  Eg)    Equation 4.2 
where, ܣ, ℎߥ, ߙ and Eg are the proportionality constant, incident light frequency, 
absorption coefficient and the optical band gap, respectively. The value of n determines the 
electronic transition, whereas, n = 1/2 and 2 refer to direct and indirect transition, respectively. 
Assuming indirect transition of CuO NRs, the optical band gap is estimated from the plot of 
(αhν)0.5 versus photon energy (hν) (Figure 4.3b). The valence band energy of CuO NRs was 
also determined by PESA measurements as depicted in Figure 4.3c. The CuO NRs show a 
valence band energy level at 4.98 eV, along with an associated optical band gap of 1.44 eV 
which corresponds to 861 nm. Therefore, CuO would be excited by all photons derived from 
visible and UV light. To understand the most optimal wavelength for enhanced catalytic 
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activity, a systematic study using specific wavelengths of light needs to be performed. 
However, it is to be noted that high energy UV light may lead to decomposition and/or 
reduction of CuO. Hence in the current study, visible light was used as a “trigger” to enhance 
the NanoZyme activity of CuO. This should allow CuO NRs to promote the generation of •OH 
through enhancement of its catalytic properties on photoexcitation with visible light Figure 4.4. 
The inherent capability of CuO NRs to generate •OH radicals would show peroxidase-mimic 
NanoZyme activity (Step 1). The •OH radicals formed as a result of this NanoZyme activity 
can then participate in killing bacteria without photoexcitation (Step 2). However, when CuO 
NRs are exposed to visible light, the appropriate energy-band structure of nanostructured CuO 
will photoexcite the charge carriers to enhance the generation of •OH radicals (Step 3). The 
large amount of these ROS will drive higher efficiency of bacterial killing on visible light 
photostimulation (Step 4). Such properties are likely to have a major impact on developing 
CuO NR-based phototunable antibacterial agents. 
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Figure 4.4: Schematic representation of the NanoZyme-catalysed antibacterial performance 
of CuO NRs. The favorable energy band structure of CuO NRs allows it to spontaneously 
produce •OH radicals (Step 1), which in turn makes CuO NRs a good antibacterial agent (Step 
2). A narrow bang gap further allows visible light to be used as an external ‘trigger’ to catalyse 
CuO NR-mediated enhanced production of •OH radicals (Step 3). This enhanced light-
mediated •OH radicals production kill bacteria more efficiently (Step 4). 
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4.3.2 Peroxidase-mimic NanoZyme activity of CuO nanorods 
 
Figure 4.5: The Peroxidase-mimic activity of CuO NRs. (a) UV-visible absorbance spectra of 
ABTS oxidation under different conditions: (i) ABTS + H2O2, (ii) CuO NRs + ABTS, (iii) CuO 
NRs + ABTS + H2O2. (b) UV-visible absorbance spectra of different peroxidase substrates 
using CuO NRs in the presence of H2O2: (i) OPD, (ii) TMB, and (iii) ABTS. Insets show the 
color of post-reaction solutions. (c) The concentration-dependent NanoZyme activity of CuO 
NRs against ABTS substrate.   
Considering that the inherent catalytic behaviour of CuO NRs to produce •OH radicals 
is central to its antibacterial performance, the peroxidase-mimic enzymatic behaviour of CuO 
NRs was first assessed using ABTS, a substrate for peroxidase group of enzymes (Figure 4.5). 
ABTS is a colorless peroxidase substrate, but in the presence of •OH radicals, it is oxidised to 
a coloured product, thereby acting as a model system to evaluate the peroxidase-like activity 
of enzymes and nanomaterials. It is clear that the CuO NRs can efficiently catalyse the 
oxidation of ABTS in the presence of H2O2 to produce a characteristic green color product 
(Figure 4.5a) with maximum absorbance at ca. 415 nm. In contrast, the reaction does not 
proceed in the absence of H2O2 or the nanoparticles, confirming that the intrinsic peroxidase-
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like catalytic activity is a characteristic property of CuO NRs. The peroxidase-mimic 
NanoZyme activity of the CuO NRs was further validated using other peroxidase substrates 
including TMB and OPD. The CuO NRs could also catalyse the oxidation of these peroxidase 
substrates, such that the colorless TMB oxidised to form a blue product while the colorless 
OPD converted to a yellow product (Figure 4.5b). This suggests that the CuO NRs are not 
specific for a particular peroxidase substrate but instead show broad-spectrum activity through 
the generation of •OH radicals, an observation akin to other NanoZymes.13-14 Subsequent 
studies involving different catalyst concentrations, temperature, pH, and time-dependent 
kinetics were performed using the ABTS substrate. The NanoZyme concentration-dependent 
activity of CuO NRs reveals that the activity increases as a function of CuO concentration 
(Figure 4.5c), wherein the oxidation proceeds rapidly at high CuO NRs concentrations (25 ppm 
equivalent of Cu+ ions).  
 
Figure 4.6: (a) Time-dependent absorbance changes at 415 nm in 50 mM sodium acetate buffer 
(pH 4.0) at 37 °C: (i) ABTS + H2O2; (ii) ABTS + H2O2 + leaching solution of 25 ppm of CuO 
NRs; and (iii) ABTS + H2O2 + 25 ppm CuO NRs. 0.1 mM ABTS and 100 mM H2O2 were used 
for the experiments. (b) Time-dependent absorbance changes at 415 nm of 0.1 mM ABTS and 
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100 mM H2O2 reaction solutions in 50 mM sodium acetate buffer (pH 4.0) at 37 °C in the (i) 
absence and (ii-iii) presence of 25 ppm of (ii) commercial bulk CuO MPs and (iii) synthesised 
CuO NRs. 
The absence of catalytic activity in control experiments employing supernatants 
isolated from aqueous dispersions of CuO NRs ascertained that the observed NanoZyme 
activity was not due to the potential leaching of Cu ions during the experiments (Figure 4.6a). 
The peroxidase-mimic activity of CuO NRs was also compared with that of commercially 
sourced CuO microparticles (MPs). The CuO NRs outperform the catalytic activity observed 
for CuO MPs, as is evident from the time-dependent kinetics (Figure 4.6b). 
Table 4.1: Physico-chemical characteristics including the BET surface area of CuO-based 
nanomaterials reported in the literature. 
Method Morphology Dimensions 
 
Surface area 
(m2.g-1) 
Ref. 
Hydrothermal nanoparticles 10-25 nm (TEM) 38.60 54 
Hydrothermal nanobelts Several nm (L),  
20-50 nm (W) (TEM) 
28.00 54 
Hydrothermal nanorods 200-300 nm (L),  
20-30 nm (W) (SEM) 
10.78 55 
Microwave-assisted 2D sheets ~1 μm (L), 250 
nm(W) (TEM) 
20.80 56 
Sonochemical Needles 20 μm (L), 2 μm (W) 
(TEM) 
35.00 57 
Precipitation nanorods 150-180 nm (L),  
20-30 nm (W) (TEM) 
23.50 58 
Precipitation nanowires 10 μm (L), 30 nm (W) 
(TEM) 
13.05 59 
Microwave-assisted Urchin-like ~3 μm (SEM) 26.00 60 
Precipitation nanorods 2.19±0.66 μm (L), 
70.13±14.7 nm (W) 
(TEM) 
44.96 This study 
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To understand the reason for this higher activity, the surface areas and particle 
morphology of the synthesised CuO NRs and commercially sourced CuO MPs were 
determined using BET analysis and electron microscopy, respectively. The surface area of NRs 
(44.96 m2 g-1) was found to be over 10-fold higher than that obtained for MPs (4.32 m2 g-1), 
suggesting that the surface area plays a major role in enhancing the NanoZyme activity of CuO 
NRs. It is also notable that the surface areas of CuO NRs prepared in this study is higher than 
those observed for other CuO materials reported in the literature (Table 4.1). 
 
Figure 4.7: (a, c) SEM and (b, d) TEM images of (a, b) commercial bulk CuO MPs and (c, d) 
CuO NRs. 
Additionally, while the synthesised CuO yields a 1D rod-like morphology, commercial 
CuO showed highly irregular shape and size (Figure 4.7). On average, the particle size was 
considered sub-10 µm, as suggested by the commercial source (CuO particles from Sigma 
Aldrich, 208841). The differences in the morphological characteristics between CuO NRs and 
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CuO MPs correlate well with the obtained surface area, which was ~10-fold higher for CuO 
NRs. This suggests that in addition to the surface area, the potential influence of morphology 
in the enhanced NanoZyme activity of the NRs cannot be negated.  
 
Figure 4.8: The effect of (a) pH; (b) temperature and (c) reaction time on the peroxidase-like 
activity of CuO NRs.  
Further, the peroxidase-like activity of CuO NRs was also found to be dependent on 
the reaction pH, temperature and time (Figure 4.8). For instance, the CuO NRs show 
NanoZyme activity over a pH range of 3–6 with maximum activity at pH 4.0 (Figure 4.8a). 
The CuO NRs also show catalytic activity over a broad temperature range of 25–60 °C with 
maximum activity at 45 °C (Figure 4.8b). The catalytic activity increases linearly as a function 
of reaction time, with the activity saturating to the maximum value within 20 min at a CuO 
concentration of 25 ppm (Figure 4.8c). Conversely, at lower CuO concentrations, no saturation 
point is observed, suggesting that the catalyst concentration plays a vital role in promoting the 
reaction rapidly. For biomedical applications, it is essential that the NRs have high catalytic 
activity and stability at physiological pH (6–7.4) and temperature (37 ºC).61 On the basis of 
these results, it is clear that CuO NRs show excellent catalytic activity and stability at 
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physiological conditions (~60% of the activity is retained at pH 6.0, and ~80% of the activity 
is retained at 37 ºC).  
4.3.3 Effect of visible light on the peroxidase-like NanoZyme activity of CuO nanorods 
 
Figure 4.9: Time-dependent absorbance changes of 0.1 mM ABTS and 100 mM H2O2 reaction 
solutions at 415 nm in the (a) absence and (b-c) presence of 25 ppm of CuO NRs; (b) without 
and (c) with visible light illumination in 50 mM sodium acetate buffer (pH 4.0) at 37 °C. 
Having established the intrinsic NanoZyme characteristics of CuO NRs, the next step 
was to determine whether visible light could be used a trigger to enhance this catalytic 
performance. The favourable energy band structure of CuO NRs should, in principle, allow 
their stimulation by visible light (λ≥400 nm). Similar to the enhancement in the photocatalytic 
performance observed in traditional metal nanoparticles such as Au,9 Ag36 and Cu (surface 
plasmon resonance effect) and traditional semiconducting materials such as TiO238 and ZnO62, 
the catalytic activity of CuO NRs showed significant catalytic enhancement under visible light 
irradiation (Figure 4.9). A time-dependent activity profile showed that under visible light 
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irradiation, CuO NRs promoted the rapid oxidation of ABTS, which reached a plateau within 
10 min, in contrast to 20 min when the same reaction proceeded under non-photoirradiated 
conditions.  
4.3.4 Mechanism of the NanoZyme activity of CuO nanorods 
The NanoZyme activity of the CuO nanorods may originate from surface atoms. Similar to 
Fe3+, the surface Cu2+ may act as Fenton-like reagent and interact with the peroxidase substrate 
in the presence of H2O2. This reaction can be given as:  
                                       ܥݑଶା + ܪଶܱଶ  → ܥݑ
ା +  ܪܱܱ. + ܪା                             Equation 4.3 
                                ܥݑା + ܪଶܱଶ  → ܥݑ
ଶା +  ܪܱ. + ܱܪି                              Equation 4.4 
 
Figure 4.10: Changes in the fluorescence (FL) intensity of terephthalic acid (TA) with and 
without visible light irradiation. (a) shows emission spectra of (i) TA, (ii) CuO NRs + TA, (iii) 
TA + H2O2, (iv) CuO NRs + TA + H2O2 under dark and (v) CuO NRs + TA + H2O2 under 
visible light illumination. (b) shows histograms of relative fluorescence intensity during CuO 
NRs catalysed the production of •OH radicals with or without visible light photoillumination. 
Error bars are from three parallel experiments.  
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To further understand the mechanism of the NanoZyme activity, the relative •OH 
radical generation ability of the CuO NRs was investigated in the presence and absence of 
visible light by employing terephthalic acid (TA) as a fluorogenic probe. Upon reaction with 
•OH radicals, the non-fluorescent TA converts to 2-hydroxy terephthalic acid with fluorescence 
at ca. 435 nm.63 As shown in Figure 4.10, CuO NRs in the presence of H2O2 show a 
fluorescence response, confirming their ability to produce •OH radicals. Further, this response 
increases by ~2.4 times when the same reaction is carried out in the presence of visible light. 
This suggests that when the reaction proceeds in the presence of visible light, the catalytic 
activity gets modulated either through increased affinity of the CuO NRs towards the ABTS 
substrate and/or to H2O2, leading to enhanced •OH radical generation.  
 
Figure 4.11: Relative •OH radical generation ability of CuO NRs with the increasing 
concentration of H2O2 in the absence and presence of light illumination. 
Further, the relative •OH radical generation ability of CuO NRs was also investigated 
with increasing concentration of H2O2 in the presence and absence of light illumination 
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conditions. As evident from Figure 4.11, a significant amount of •OH radical is generated even 
at low 1 mM H2O2 concentration. In fact, •OH radical production is significantly enhanced 
when the reaction is carried out under light illumination conditions. The mechanism of H2O2 
degradation in typical transition metal oxides was previously evaluated, and it is believed that 
H2O2 molecules adsorb on the surface of the nanoparticles catalyst and the nanoparticles then 
break up the O-O bond of H2O2 to generate two •OH radicals.19 It is expected that a similar 
mechanism might be involved during the CuO NR-mediated decomposition of H2O2 to 
generate •OH radicals. 
 
Figure 4.12: The change in the (a) ABMDMA and (b) MTT absorption profiles as a function 
of time. Control experiments involved the use of either only ABMDMA or MTT in buffer 
solutions without nanoparticles or H2O2. 
Further, different reports have outlined the generation of different ROS including a 
singlet oxygen radical, a superoxide radical, or a •OH radical when using CuO particles.64-67 
This suggests that the generation of ROS when using CuO as the catalyst may occur through 
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different mechanisms. To study the potential role of other ROS in the NanoZyme activity of 
CuO NRs, additional experiments were performed using specific dyes that can capture the 
targeted ROS. These including additional experiments suggest that the CuO NRs do not 
produce either singlet oxygen or superoxide radical species (Figure 4.12), which producing 
only •OH radicals. In a recent study by Martinez et al., it was suggested that the •OH radical is 
the main ROS generated by CuO nanoparticles in a H2O2 catalysed reaction.64 Based on 
literature and the TA-based quenching experiments, it can be concluded that •OH radical is the 
predominant ROS responsible for the NanoZyme activity of CuO NRs. 
 
Figure 4.13: Steady-state kinetic assays of CuO NRs as a catalyst in the absence (red solid 
line) and presence of visible light irradiation (blue solid line). In (a) the H2O2 concentration 
was fixed at 0.1 M while ABTS concentration was varied. In (b) the ABTS concentration was 
fixed at 0.1 mM while H2O2 concentration was varied. 
To understand the mechanism of this photostimulated increase in •OH radical 
production, the kinetic parameters of the reactions involving ABTS and H2O2 were 
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determined68 by calculating the Michaelis-Menten constant (Km) and the maximum initial 
velocity (Vmax) of the reaction in the absence and presence of visible light. Typical Michaelis-
Menten curves were observed for both ABTS and H2O2 (Figure 4.13) irrespective of whether 
the reaction proceeds with and without visible light stimulation.  
 
Figure 4.14: Steady-state kinetics of peroxidase-mimic CuO NRs. Double reciprocal 
Lineweaver-Burk plots of the catalytic activity of CuO NRs at a fixed concentration of one 
substrate versus varying concentration of the second substrate for (a) ABTS and (b) H2O2. The 
red and blue fittings indicate the experiments performed in the absence and presence of visible 
light illumination, respectively. 
The double reciprocal Lineweaver-Burk plots of the activity of CuO NRs showed 
characteristic linear fits (Figure 4.14)    suitable for obtaining the Km and Vmax values. Given 
that Km represents the affinity of NanoZyme toward the substrate, a lower Km value would 
mean higher affinity of CuO NRs toward the substrates. Under visible light irradiation, the 
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calculated Km values for both ABTS and H2O2 were lower than those observed without 
photoillumination. 
Table 4.2: Comparison of the kinetic parameters of CuO NRs driven reactions under non-
illuminated conditions and under visible light illumination.  
Conditions 
ABTS H2O2 
Km / 
mM 
Vmax / 10-8 
Ms-1 
Km / 
mM 
Vmax / 10-
8 Ms-1 
Dark 0.06 4.1 14.8 0.6 
Light 0.04 11.1 3.4 10.9 
 
As depicted in table 4.2, the Km for H2O2 significantly decreased from 14.8 to 3.4 mM, 
a decrease of 4.35-fold; while the Km value for ABTS showed a marginal decrease of 1.5-fold 
under visible light irradiation. This suggests that, under photoirradiated conditions, the affinity 
of CuO NRs toward H2O2 remarkably improves, implying that fewer H2O2 molecules will be 
required to produce higher amounts of •OH radicals. On the other hand, the Vmax for both ABTS 
and H2O2 consumption were higher during photoillumination in comparison to the dark 
conditions, with 2.7 and 19.8-fold improvement, respectively. The higher Vmax values under 
photoirradiated conditions imply that the rate of production of •OH radicals will be over ~20 
times faster than under non-irradiated conditions. These investigations provide clear evidence 
that visible light acts as an outstanding trigger to significantly enhance the oxidative properties 
of CuO NRs through producing larger quantities of •OH radicals (low Km) at a faster rate (high 
Vmax). 
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4.3.5 Antibacterial study 
 
Figure 4.15: The concentration-dependent antibacterial activity of CuO NRs in the absence of 
H2O2 against E. coli after 2 h of exposure in the absence and presence of visible light 
illumination at (a) pH 6.0 and (b) pH 7.0. 
 The ability to controllably tune the affinity of CuO NRs to H2O2 and thereby influence 
•OH radical production using light as an external ‘trigger’ offers a powerful strategy to employ 
these materials as antibacterial agents. Because the highly oxidising •OH radicals are expected 
to participate in killing bacteria, to validate this concept, Escherichia coli (E. coli) was 
employed as a model Gram-negative bacterium and the antibacterial profile of CuO NRs was 
studied under different conditions. The CuO NRs in the absence of H2O2 showed 
concentration-dependent antibacterial activity; however, they were found to be ineffective in 
killing bacteria within 2 h, with lower than 20 ppm of the catalyst concentrations (Figure 4.15). 
At these concentrations, irrespective of the pH (6.0 or 7.0) or the absence/presence of visible 
light as a trigger, CuO NRs could cause only less than 20% bacterial cell death.  
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Figure 4.16: The concentration-dependent antibacterial activity of H2O2 in the absence of CuO 
NRs against E. coli after 2 h of exposure in the absence and presence of visible light 
illumination at (a) pH 6.0 and (b) pH 7.0. 
Similarly, 1 mM of H2O2 alone in the absence of CuO NRs had minimal influence (less 
than 10% cell death) on the bacterial viability (Figure 4.16). This basal antibacterial activity of 
H2O2 was also found to be independent of the pH of the bacterial growth medium or the photo-
illumination conditions.  
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Figure 4.17: Light triggered antibacterial performance of CuO NRs. Comparison of the CuO 
NanoZyme-catalysed antibacterial activity under dark and photoexcited conditions at (a) pH 
6.0 and (b) 7.0, respectively, as represented from the percentage cell death of E. coli incubated 
for 2 h with different concentrations of CuO NRs and a fixed concentration of 1 mM H2O2. 
Bacteria treated with different concentrations of CuO NRs in the absence of H2O2, but under 
visible light illuminations served as the control group. 
In the next stage, the ability of CuO NRs to act as a NanoZyme in the presence of H2O2, 
thereby driving the generation of •OH radicals to enhance bactericidal activity, was evaluated 
(Figure 4.17). For these studies, it was important that the chosen concentrations of CuO NRs 
and H2O2 were such that these individual components remain independently nontoxic to 
bacteria (less than 20 ppm of CuO NRs and less than 1 mM of H2O2). In comparison with the 
control groups (CuO NRs in the absence of H2O2 illuminated with visible light), the CuO NRs 
supplemented with H2O2 caused a significant bactericidal effect within 2 h of exposure. The 
synergistic enhancement of this antibacterial activity of CuO NRs in the presence of H2O2 was 
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dependent on the concentration of CuO NRs, the pH of the bacterial media, and the 
photoillumination conditions. For instance, while 20 ppm of CuO NRs in the absence of H2O2 
but in the presence of light caused only ~10% cell death, the bacterial toxicity of CuO NRs in 
the presence of H2O2, even under dark conditions, increased to ~27% at pH 7.0, which further 
increased to ~48% at pH 6.0. The superior antibacterial performance of CuO NRs at pH 6.0 
corroborates well with the pH-dependent enzyme-mimic studies, where pH 6.0 showed better 
NanoZyme activity over pH 7.0. Under conditions similar to those above at pH 6.0, but with 
visible light illumination, the suppression of bacterial growth further enhanced remarkably to 
~92%. This establishes the ability of light to act as a trigger to enhance the antibacterial activity 
of CuO NRs through the generation of •OH radicals.  
 
Figure 4.18: Time-dependent antibacterial performance of 20 ppm of CuO NRs in the presence 
of 1 mM H2O2 in the absence and presence of visible light illumination at (a) pH 6.0 (b) pH 
7.0. 
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A time-dependent study involving bacterial exposure to CuO NRs and H2O2 for 
different durations of photoillumination further emphasises the direct role of light as a trigger 
in enhancing antibacterial performance (Figure 4.18). At the initial time point (30 min), the 
antibacterial performance between non-illuminated and illuminated conditions is rather similar. 
However, as the photo-exposure time increases, the difference in the antibacterial activity 
profile becomes remarkably larger to an extent that photoillumination of CuO NRs leads to the 
killing of more than twice the number of bacteria than under standard conditions. In addition, 
the relative increase in the •OH radical production at 1 mM H2O2 under dark and light 
illumination conditions (~2.8 times improvement) correlates rather well with the antimicrobial 
profile of CuO NRs in the presence of 1 mM H2O2 (~2.5 times improvement from dark to 
light), as shown in Figure 4.17. It is important to note that microorganisms such as E. coli also 
produce H2O2 in situ during their growth under aerobic conditions.69 This means that an 
effectively higher H2O2 concentration will be available to bacteria during their exposure to 
CuO NRs in the presence of externally added 1 mM H2O2. These experiments clearly 
demonstrate the significant impact of highly active CuO NR NanoZymes in acting as an 
outstanding antimicrobial agent even in the presence of small amounts of H2O2. 
4.3.6 Effect of quencher on the catalytic performance of CuO nanorods 
To further validate that the antibacterial performance is indeed due to the generation of 
•OH radicals and not potentially due to other factors, a ROS suppression study was performed 
using ascorbic acid (AA), a well-known antioxidant.70 To establish the optimum concentration 
of AA, three independent concentrations of AA (0.01, 0.1 and 0.5 mM) were first assessed for 
their ability to quench the peroxidase-like NanoZyme activity of CuO NRs. The quenching of 
the catalytic activity was monitored by recording the absorbance of the ABTS oxidation 
product over time under dark and visible light illumination.  
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Figure 4.19: The effect of ascorbic acid as a quencher on the peroxidase-mimic activity of 
CuO NRs under (a) non-illuminated and (b) visible light irradiated conditions. The control 
groups contained CuO NRs along with ABTS and H2O2, whereas the experimental groups 
contained additional 0.01, 0.1 or 0.5 mM ascorbic acid. 
As is evident from Figure 4.19, the rate of ABTS oxidation decreased with increasing 
concentrations of AA, such that the maximum quenching of •OH radicals was observed at 0.5 
mM concentration.  
(a) (b)
0 5 10 15 20
0.0
0.2
0.4
0.6
A
bs
or
ba
nc
e 4
15
 n
m
 [a
.u
.]
Time [min]
 Control
 AA 0.01 mM
 AA 0.1 mM
 AA 0.5 mM
0 5 10 15 20
0.0
0.5
1.0
1.5
A
bs
or
ba
nc
e 4
15
 n
m
 [a
.u
.]
Time [min]
 Control
 AA 0.01 mM
 AA 0.1 mM
 AA 0.5 mM
Page 146 Chapter 4 
 
Figure 4.20: The effect of ascorbic acid as a ROS quencher, on the antibacterial performance 
of CuO NRs with and without visible light irradiation conditions after 2 h. Control group of E. 
coli was treated with 1 mM H2O2 and 0.5 mM ascorbic acid. In the experimental group, CuO 
NRs concentration varied between 5, 10 and 20 ppm, and 0.5 mM of AA and 1 mM H2O2 was 
employed, as indicated.  
This concentration of AA was then combined with different concentrations of CuO NRs 
to study its effect on bactericidal activity against E. coli (Figure 4.20). In the presence of AA, 
the CuO NRs almost completely lose their ability to kill E. coli under both dark and visible 
light illumination conditions. This is primarily because the AA molecules sequester any 
reactive oxygen species that are generated by CuO NRs, thereby avoiding bacterial toxicity. 
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4.3.7 TEM analysis of bacteria 
 
Figure 4.21: Physical damage to bacterial cells through ROS-mediated antibacterial activity. 
Cross-section TEM images of E. coli under different conditions: (a) untreated; (b) CuO NRs + 
H2O2 without irradiation; and (c) CuO NRs + H2O2 with visible light irradiation. 
Considering that ROS typically result in the rupture of bacterial cell surface, the 
influence of ROS generated by the CuO NRs on the morphology of E. coli was further 
investigated using TEM (Figure 4.21). The untreated E. coli cells show a typical rod-shaped 
morphology with intact cell walls and a well-preserved ultrastructure (Figure 4.21a). The 
exposure of bacteria to CuO NRs in the presence of H2O2 leads to a loss of their morphological 
integrity by becoming rough and wrinkled. While this effect is evident only on few cells under 
non-irradiated conditions (Figure 4.21b), a significantly larger proportion of bacteria are seen 
to lose their cellular integrity under photoexcitation conditions (Figure 4.21c). Further, the 
damaging effect of ROS under visible light photoexcitation enhances to a level at which it 
causes noticeable physical damage to the bacterial cells (highlighted by arrows). This 
observation may be explained based on the fact that, under a normal scenario, the bacterial 
cells are equipped with endogenous antioxidants such as superoxide dismutase and catalase 
enzymes that have the ability to neutralise H2O2 and ROS to reduce the cellular stress.71 
However, the outstanding ability of CuO NRs to produce •OH radicals, particularly in the  
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presence of visible light, allows excessive ROS production within a short time frame (Vmax 
under photoexcitation conditions was found to be ~20 times higher than that under 
nonirradiated conditions), leading to the rapid oxidative degeneration of bacteria. 
4.4 Conclusions 
In summary, this chapter demonstrates a simple yet versatile strategy that allows light 
as an external ‘trigger’ to control the NanoZyme-catalysed antibacterial activity of CuO 
nanorods. Photoillumination modulates the peroxidase-mimic catalytic performance of CuO 
nanorods through enhancing their affinity to H2O2. Additionally, the favourable energy band 
structure of CuO nanorods remarkably accelerates the ROS production by 20 times under 
visible light, even at relatively low concentrations of H2O2. This leads to an improved 
antibacterial performance against Gram-negative E. coli through the rapid denaturation of 
bacterial cells via ROS-induced physical damage. This work paves the way to controlling the 
biocatalytic activity of NanoZymes using light as a modular switch.  
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Nanostructured silver fabric as a free-standing 
NanoZyme for colorimetric biosensing of 
urine glucose level 
 
 
Solution-based NanoZymes have been extensively studied for the detection of a range of 
molecules. However, the ability to immobilise NanoZymes on highly absorbent surfaces, 
particularly on free-standing substrates that can be feasibly exposed and removed from the 
reaction medium, can offer significant benefits for a range of biosensing and catalysis 
applications. This chapter demonstrates the ability of Ag nanoparticles embedded within 
the 3D matrix of a cotton fabric to act as a free-standing peroxidase-mimic NanoZyme for 
the rapid detection of glucose in complex biological fluids such as urine. The use of cotton 
fabric as a template not only allows high number of catalytically active sites to participate 
in the enzyme-mimic catalytic reaction, the absorbent property of the cotton fibers also 
helps in rapid absorption of biological molecules such as glucose during the sensing event. 
This, in turn, brings the target molecule of interest in close proximity of the NanoZyme 
catalyst allowing for the accurate detection of glucose in urine. Additionally, the ability to 
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extract the free-standing cotton fabric-supported NanoZyme following the reaction 
overcomes the issue of potential interference from colloidal nanoparticles during the assay. 
Based on these unique characteristics, nanostructured silver fabrics offer remarkable 
promise for detection of glucose and other biomolecules in complex biological and 
environmental fluids. 
 
 
 
 
The research work has been published in:  
Refereed journal articles 
 Karim, M. N.; Anderson, S. R.; Singh, S.; Ramanathan, R.; Bansal, V. 
“Nanostructured silver fabric as a free-standing NanoZyme for colorimetric detection 
of glucose in urine.” Biosens. Bioelectron. 2018, 110, 8-15. 
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5.1 Introduction 
 
The discovery that nanoparticles possess intrinsic enzyme-mimic activity has led to the 
development of a new generation of inorganic artificial enzymes, more commonly referred to 
as ‘NanoZyme’.1-9 The ability of these enzyme-mimicking nanoparticles to be catalytically 
active and stable in a wide range of temperatures and pH, low fabrication cost, as well as their 
ability to catalyse a range of enzymatic reactions has seen enormous interest in the discovery 
of new NanoZymes. This is because these inorganic-mimics have the potential to replace 
natural enzymes that otherwise have poor ambient stability.1-4 Since the first report of inorganic 
artificial enzymes, a large number of metal6, 10-15, metal oxide6, 16-21, metal sulfide22 and other 
nanomaterials23-27 have been shown for their ability to mimic enzymatic activities with reports 
on their potential in sensors, environmental clean-up, and antibacterial applications.  
An important biomolecule of significant interest is glucose, a source of energy and a 
metabolic intermediate.28 It is essential for the body to regulate glucose levels between the 
concentration of 3–8 mM as higher concentrations of glucose, specifically in Diabetes mellitus, 
results in severe complication including heart diseases, kidney diseases, blindness, etc.28-29 
Therefore, it is of utmost importance to have access to sensors that are fast, reliable and accurate 
for monitoring of glucose in body fluids. Although glucose monitoring in blood is common, 
urine glucose monitoring is also equally important as it allows us to monitor kidney function. 
Elevated glucose levels in urine can be a result of a condition called renal glycosuria.30 In this 
condition, the urine glucose levels may be higher even if the blood glucose levels are at 
normal.31 Further, since Diabetes patients have to undergo blood glucose testing several times 
a day, which is invasive and painful; development of a non-invasive reliable tool for glucose 
monitoring in urine has significant value to offer. 
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Many approaches including surface plasmon resonance (SPR), fluorescence, 
spectroscopic, quartz crystal microbalance and NanoZyme-based sensors have been reported 
for the detection of glucose and other biologically relevant materials.21, 28, 32-45 In particular, 
NanoZyme-based sensors have been attractive because of the possibility of fine-tuning the 
physico-chemical properties of the NanoZyme through simple chemical routes, with a focus 
on achieving ultra-fast response and potential for developing point-of-care devices.10-11, 23, 28, 
39, 46 In the context of sensing biological molecules in complex biological fluids, although the 
use of water-dispersible colloidal NanoZymes has been shown to detect glucose, the use of a 
highly absorbent template on which NanoZymes can be immobilised has not been 
demonstrated. It is notable that research on NanoZymes majorly focused on colloidal systems 
containing solution-dispersed nanoparticles, while there are limited reports on functionalising 
NanoZymes on a solid template support.47 Availability of such free-standing NanoZymes may 
have a large implication on the ability to detect glucose and other disease biomarkers in 
biological fluids, as well as for other applications, such as catalysis. For instance, it was 
reported that nanoparticles immobilised on cotton templates of high porosity, absorbency, 
wettability, and hierarchical structures48 offered access to a large number of catalytically active 
sites to promote heterogeneous catalysis reactions49 and to allow development of gas sensors 
and flexible electronic devices.48, 50-51 In particular, the high absorbency of the cotton fabric 
played a major role for the reactants to be absorbed in the close proximity of the immobilised 
nanoparticles that remarkably enhanced the catalytic efficiencies.  
In the context of glucose sensing, several reports exist on the use of colloidal 
NanoZymes for glucose sensing.3-4, 20 However, most reports show the ability to monitor 
glucose at low concentrations with even fewer reports showing the ability of such sensors to 
operate directly in biological fluids.18-19, 52-53 Considering the high concentration of glucose in 
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urine, particularly in diabetes and kidney disorders, the use of colloidal NanoZymes for glucose 
monitoring is unlikely to be viable. This is because high glucose concentrations found in urine 
will rapidly saturate the NanoZyme activity and sensor will not operate beyond a particular 
dynamic range. A potential option to circumvent this issue might be to increase the 
concentration of the NanoZyme during the assay. However, the potential interference of the 
high concentration of colloidal NanoZymes in visually detecting the colorimetric response 
either due to SPR (metal nanoparticles)54-59 and/or scattering (all nanoparticles)60 is likely to 
lead to erroneous sensor responses. Therefore, to circumvent this issue in molecular detection 
of high concentrations of the target analyte, the aim was to create a free-standing NanoZyme 
system that can be easily extracted following the reaction without causing any interference in 
the assay. Further, the use of cotton fabrics as free-standing substrates also increases the 
nanoparticle loading that allows pushing the dynamic range to the mM levels, which is more 
relevant to the real-world glucose sensing in urine. 
Specifically, this chapter aims to use catalytically-active Ag nanoparticle embedded 
cotton fabric (Ag@Fabric) as a free-standing NanoZyme for the rapid detection of glucose. 
The performance of these free-standing NanoZyme glucose sensors was evaluated by detecting 
glucose levels in urine samples collected from a healthy and a diabetic volunteer. 
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5.2 Experimental Section 
 
5.2.1 Materials 
 
3,3′,5,5′-tetramethylbenzidine (TMB), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic 
acid) diammonium salt (ABTS), o-phenylenediamine (OPD), glucose (C6H12O6), sucrose 
(C12H22O11), glucose oxidase (GOx from Aspergillus niger), horseradish peroxidase (HRP), 
fructose (C6H12O6), lactose (C12H22O11), maltose (C12H22O11), sodium acetate (NaAc), acetic 
acid (CH3COOH), tin(II) chloride (SnCl2), palladium(II) nitrate (Pd(NO3)2), silver nitrate 
(AgNO3), ammonia (NH3, 2.8% w/w aq.), hydrochloric acid, ascorbic acid (AA) and 
terephthalic acid (TA) were purchased from Sigma-Aldrich, Australia. Hydrogen peroxide 
(H2O2, 30% w/w) was purchased from Chem-Supply Pty Ltd. Milli-Q water (18.2 MΩ cm) 
obtained from Millipore water purification system was used for all solution preparations. 
5.2.2 Fabrication of Ag@Fabric 
 
The Ag@Fabric was fabricated using an electroless deposition approach.49 In brief, an 
electroless metal deposition approach was employed to incorporate Ag nanoparticles on the 
individual fibres of the cotton thread interwoven into a 3D matrix of cotton fabric procured 
from the local market. A three-step approach was used where the first step involved a 
sensitizing step where the cotton fabrics were dipped in aqueous SnCl2 solution (3.0 mM) for 
30 min. Following a quick wash with deionised water, the sensitised fabrics were immersed 
into aqueous Pd(NO3)2 (3.0 mM) for 10 min to form initial seeds of Pd nanoparticles on fabrics. 
For Ag deposition, the Pd nuclei-decorated fabrics were exposed to silver plating solution 
containing equimolar (1 M) quantities of a diaminesilver(I) complex ([Ag(NH3)2]+) and 
glucose (reducing agent) for 15 min at 25 °C. The amount of Ag nanoparticles deposited on 
the surface of the fabric was quantified by dissolving the silver nanoparticles deposited onto 
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fabric using concentrated nitric acid, followed by quantification of equivalent Ag+ ions using 
atomic emission spectroscopy (AES). 
5.2.3 Characterisation of Ag@Fabric 
 
The scanning electron microscopy images of the Ag@Fabric was obtained using FEI 
Verios SEM instrument operated at an accelerating voltage of 5 kV. EDX analysis was 
performed using an Oxford X-Max 20 Silicon Drift Detector fitted to the FEI Verios SEM. 
XRD measurements were performed using a Bruker D8 advance XRD instrument operated at 
a voltage of 40 kV and a current of 40 mA with Cu Kα radiation source. XPS measurement of 
the Ag@Fabric was carried out using a Thermo K-Alpha XPS instrument (Al Kα radiation, the 
photon energy of 1486.6 eV) with Ag 3d core level binding energy recorded at a pass energy 
of 20 eV. The spectrum was background corrected using a Shirley background algorithm and 
chemically distinct species was resolved using a nonlinear least squares fitting procedure.61 
The core level BE were charge corrected with adventitious carbon binding energy of 285 eV. 
5.2.4 Peroxidase-mimic NanoZyme performance of Ag@Fabric 
 
The peroxidase-mimic activity of Ag@Fabric (0.5 cm × 0.5 cm containing 825 ppm 
equivalent of Ag+ ions) was first established by investigating the ability of the fabric to oxidise 
various colourless peroxidase substrates (ABTS, TMB or OPD) to the respective coloured 
product (green, blue, yellow) in the presence of H2O2. These coloured products were 
characterised by a typical absorbance signal at ca. 415, 650 and 435 nm, respectively. The 
absorbance spectra were obtained using Envision multimode plate reader (Perkin Elmer). Ag 
concentration-dependent NanoZyme activity of Ag@Fabric was performed at 0–1585 ppm 
equivalent of Ag+ ion concentration using TMB (0.2 mM) and H2O2 (10 mM) in sodium acetate 
buffer (50 mM. pH 5.0) at 37 °C; pH-dependent activity was measured in reaction buffers (pH 
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3–12) at 37 °C using TMB (0.2 mM) and H2O2 (10 mM); and temperature-dependent activity 
(20–60 °C) at pH 5.0 sodium acetate buffer using TMB (0.2 mM) and H2O2 (10 mM). All other 
reactions used 0.2 mM TMB and 10 mM H2O2 in 50 mM NaAc buffer of pH 5.0 at 37 °C, 
unless specified. Steady state kinetic analysis was performed at a fixed Ag concentration of 
(0.5 cm × 0.5 cm containing 825 ppm equivalent of Ag+ ions) by varying the substrate 
concentration from 0.025–1.0 mM for TMB and 2–20 mM for H2O2. The obtained data were 
fitted to Michaelis-Menten and double-reciprocal Lineweaver-Burk plot using OriginPro 2016 
and the apparent enzyme kinetic parameters such as Michaelis-Menten constant (Km) and 
maximum reaction velocity (Vmax) were calculated using the following equation:  
ଵ
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௄೘
ቁ       Equation 5.1 
where V0 represents the initial reaction velocity, Vmax represents the maximum reaction 
velocity, [S] is the substrate concentration, and Km represents the Michaelis–Menten constant. 
 
5.2.5 Mechanism of peroxidase-mimic activity 
 
The generation of hydroxyl radical (•OH radical) responsible for the catalytic 
NanoZyme activity of Ag@Fabric was determined according to the assay described in the 
previous chapter (chapter 3, section 3.2.5). The experiments were carried out by mixing 10 mM 
H2O2 and 0.5 mM sodium terephthalate with Ag@Fabric (0.5 cm × 0.5 cm containing 825 ppm 
equivalent of Ag+ ions) in NaAc buffer (50 mM; pH 5.0) and 37 °C. The fluorescence intensity 
was measured between 325 and 550 nm using an excitation wavelength of 315 nm. For further 
validation of the •OH radical generation, different concentrations of ascorbic acid (0.01 mM – 
10 mM) were added to the reaction mixture containing 10 mM H2O2 and 0.5 mM sodium 
terephthalate with Ag@Fabric (0.5 cm × 0.5 cm containing 825 ppm equivalent of Ag+ ions) 
in NaAc buffer (50 mM; pH 5.0) and 37 °C. 
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5.2.6 Colorimetric detection of glucose 
 
The detection of glucose was carried out in two steps: Step 1. 50 µL of 2 mg mL-1 GOx 
and 50 µL of varying glucose concentrations (0.4–40 mM stock) were added to 100 µL of 10 
mM Na2HPO4 buffer at pH 7.0 and incubated at 37 °C for 45 min. Step 2. 50 µL of TMB (2 
mM), Ag@Fabric (0.5 cm × 0.5 cm containing 825 ppm equivalent of Ag+ ions) and 250 µL 
of 50 mM NaAc buffer at pH 6.0 were added to the above solution obtained from Step 1 and 
further incubated for 5 min at 37 °C. The Ag@Fabric from the above reaction was removed 
before recording the absorbance of the reaction product at 650 nm. The dynamic linear range 
was obtained by plotting the absorbance650nm with increasing glucose concentrations, while the 
line of best fit was calculated using Origin Pro software using direct weighting. The limit of 
detection (LoD) was estimated from the equation 3(ܵܶܦ௕௟௔௡௞ ⁄ ݉), where ܵܶܦ௕௟௔௡௞ is the 
standard deviation of the colorimetric signal of the blank and ݉ is the slope of the linear fit. 
Important sensor parameters such as the accuracy and the precision were calculated for the 
sensor response by considering the results obtained from 20 independent events. The accuracy 
was determined by using (n/N) × 100 formula at 5% confidence interval where n represent the 
sensing events that fall within the target glucose responses and N is the total number of test 
events. The % precision was calculated by the coefficient of variation (CoV) method using the 
formula % Precision = 100 – %CoV. Specificity was evaluated by exposing the Ag@Fabric 
NanoZyme sensor to a fixed concentration (2 mM) of four glucose analogues viz. lactose, 
sucrose, fructose and maltose, independently. Additionally, the sensor was also exposed to a 
fixed concentration of glucose (1 mM) in combination with a fixed concentration of glucose 
analogues (2 mM). For real-time glucose monitoring in complex biological fluids, urine 
samples were obtained from a diabetic and healthy volunteer and stored at 4 °C until further 
used. Urine glucose levels were determined using three independent approaches. Method 1: 
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GOx-POD (Glucose oxidase-peroxidase) approach – This approach was similar to the 
previously described strategy where the Ag@Fabric was replaced by the actual enzyme 
horseradish peroxidase. In Step 2 of the process, 50 µL of POD (360 ng mL-1) was added 
instead of the Ag@Fabric. Method 2: Glucometer approach – The urine samples were placed 
on the commercial sensor strip and measured. Method 3: NanoZyme approach – The process 
was similar to the previous description in Method 1 with the only exception that the natural 
peroxidase enzyme was replaced with the free-standing Ag@Fabric NanoZyme. For 
determination of glucose concentrations in urine, when needed, samples were appropriately 
diluted using 10 mM Na2HPO4 buffer pH 7.0 to bring the glucose concentration in the linear 
dynamic operational range of the sensor. 
5.3 Results and discussion 
 
5.3.1 Fabrication of Ag@Fabric 
 
Figure 5.1: Schematic diagram representing the steps involved during the fabrication of 
Ag@Fabrics. 
The electroless deposition of silver on cotton fabrics involves a tree step process (Figure 
5.1). Step 1 involved a sensitizing step where the cotton fabrics were dipped in an acidic 
solution of SnCl2 which allows Sn2+ ions bind to the surface of cotton fibres. Following a quick 
wash with deionised water, the sensitised fabrics were immersed into palladium salt solution 
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to form Pd0 nuclei on fabrics (step 2). Due to the difference in standard reduction potentials 
between Sn and Pd, the reduction of Pd2+ to Pd0 occurs via the formation of Sn4+. The Ag 
deposition occurs through the reduction of a diaminesilver(I) complex ([Ag(NH3)2]+) in 
presence of glucose (reducing agent) for 15 min at 25 °C (step 3). 
5.3.2 Characterisation of Ag@Fabric 
 
 
 
Figure 5.2: (a) SEM image of nanostructured Ag deposited on individual threads of a cotton 
fabric, the inset in Figure 5.1a shows the optical image of the Ag@Fabric; (b) EDX spectrum 
obtained from the scanning area of Ag@Fabric shown in (a); and (c) EDX layered map 
obtained from the Ag@Fabric showing the distribution of elemental Ag in red. 
Figure 5.2 shows an SEM image of the surface of the Ag@Fabric, in which the 
formation of quasi-spherical Ag nanoparticles typically of sub-100 nm size (Figure 5.2a) are 
found to be coated on the individual threads of cotton fabric. The uniform deposition of Ag 
nanoparticles on the surface of the cotton fabric can be confirmed by the naked eye (inset in 
Figure 5.2a), as evident from the greyish-yellow colour of the cotton fabric, which was 
originally white before Ag nanoparticle deposition. The EDX spectrum obtained from the 
Ag@Fabric (Figure 5.2b) shows characteristic energy lines corresponding to C Kα (0.277 keV) 
and O Kα (0.524 keV) arising from the underlying cotton fabric, while distinctive energy lines 
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at ca. 3 and 3.16 keV corresponding to Ag Lα and Lβ, confirming the successful in-situ 
synthesis of Ag nanoparticles directly on the surface of cotton fabric. The uniformity of the 
EDX map across a larger area of fabric further supports that Ag nanoparticles are distributed 
uniformly on the surface of the cotton fabric (Figure 5.2c). This uniform distribution of Ag 
nanoparticles on the surface of cotton fabrics is attributed to the unique synthesis route that 
allows direct synthesis of Ag nanoparticles on the surface of cotton fabrics by employing a 
silver-amine complex as a precursor.49 In contrast, it was noted that if pre-synthesised 
nanoparticles are attempted to be bound to the cotton fabrics in a two-step process, it typically 
results in poor nanoparticle distribution and their subsequent aqueous instability, which 
eventually impacts upon the reproducibility of the reactions.  
 
Figure 5.3: (a) XRD pattern obtained from Ag@Fabric showing characteristic signatures of 
metallic Ag [JCPDS 04-0783]. (b) The Ag 3d core level XPS spectrum obtained from the 
Ag@Fabric. The * represents the loss features typically observed at a higher binding energy 
of each spin-orbit component for zerovalent Ag metal. 
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The XRD pattern of Ag@Fabric NanoZymes prepared in the current study shows Bragg 
reflections corresponding to metallic Ag nanoparticles without any signatures for other 
potential Ag species or oxidation products (Figure 5.3a). The broadness of the XRD peaks 
support that the deposited silver is in the nanostructure form. Further, the Ag 3d core level XPS 
spectrum obtained from the Ag@Fabric showed a single component at ca. 367.9 eV with 
characteristic 3d5/2 and 3d3/2 splitting components (spin–orbit splitting ≈6 eV) (Figure 5.3b). 
These values match well with the literature45, 49 for Ag in the zerovalent oxidation state. It is 
known that AgNPs are prone to oxidation in air. However, in the current study, the XRD and 
XPS analysis performed even after 48 h confirmed that there was no oxidation of Ag.  
5.3.3 Enzyme-mimic performance of the free-standing Ag@Fabric NanoZyme 
 
 
Figure 5.4: (a) UV-visible absorbance spectra of Ag@Fabric catalyzed oxidation of TMB in 
different reaction systems after 6 min of reaction: (i) TMB + H2O2, (ii) Ag@Fabric + TMB, 
(iii) Ag@Fabric + TMB + H2O2. (b) UV-visible absorbance spectra of (i) TMB, (ii) OPD and 
(iii) ABTS oxidised in the presence of H2O2 using Ag@Fabric as catalyst after 6 min of 
reaction; the inset shows the corresponding post-reaction optical images.  
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The peroxidase-mimic catalytic activity of Ag@Fabric was first assessed using TMB, 
a chromogenic peroxidase substrate. TMB is a colourless peroxidase substrate, but in the 
presence of peroxidase-mimic nanoparticles, it is oxidised to a coloured product.3-4 It is 
immediately clear that the Ag@Fabric can catalyse the oxidation of TMB in the presence of 
H2O2, thereby acting as a free-standing NanoZyme (Figure 5.4a). The oxidation of TMB 
resulted in a characteristic blue colour product (inset in Figure 5.4a) with maximum absorbance 
at ca. 650 nm. The reaction did not proceed in the absence of H2O2 or in the absence of the 
pristine fabric, confirming that the intrinsic peroxidase-mimic catalytic activity is a 
characteristic property of the Ag@Fabric. The peroxidase-mimic NanoZyme activity of the 
Ag@Fabric was further validated using other colorimetric peroxidase substrates such as OPD 
and ABTS. The Ag@Fabric could also catalyse the oxidation of these two peroxidase 
substrates to form a yellow and green product, respectively, as shown in the inset of Figure 
5.4b. This suggests that the Ag@Fabric show broad-spectrum peroxidase-mimic activity and 
are not specific to a particular peroxidase substrate. Of the three peroxidase substrates, the 
Ag@Fabric show higher propensity to oxidise TMB in comparison to ABTS and OPD (Figure 
5.4b). Therefore, subsequent studies were performed using TMB as a peroxidase substrate.  
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Figure 5.5: Time-dependent absorbance changes at 650 nm under different reaction 
conditions. The concentration of Ag+ ions in the leached solution was determined to be 4.02 ± 
0.37 ppm. Ag@Fabric contained 825 ppm equivalent of Ag+ ions.  
A time-dependent kinetic study (Figure 5.5) indicated that the reaction increases rapidly 
at initial time-points and saturates at 5 min. Furthermore, the absence of catalytic activity in 
control experiments employing solutions of the potentially leached silver ions from the fabric 
stored in an aqueous solution for 2 h, ascertained that the observed NanoZyme activity was not 
due to the potentially leached Ag+ ions during the reaction. The fast response time for TMB 
oxidation further confirms the excellent NanoZyme activity of Ag@Fabric.  
The NanoZyme concentration-dependent activity further reveals that the catalytic 
activity increases as a function of Ag concentration, as determined using fabrics of different 
sizes during the reaction (Figure 5.6a). This activity was found to saturate beyond ~1000 ppm 
equivalent of Ag+ ion concentration present in the Ag@Fabric.  
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Figure 5.6: The effect of (a) Ag nanoparticle concentration as the equivalent of Ag+ ions; (b) 
pH and (c) temperature on the peroxidase-mimic NanoZyme activity of Ag@Fabric.   
Further, the peroxidase-mimic activity of Ag@Fabric was found to be dependent on the 
reaction pH (Figure 5.6b) and temperature (Figure 5.6c). For instance, the Ag@Fabric showed 
excellent activity over a pH range of 4–6 with maximum activity at pH 5.0, while showing 
activity over a broad temperature range of 37–60 °C with maximum activity at 50 °C. 
Considering that the AgNPs loaded on the surface of cotton fabric are responsible for the 
NanoZyme activity, in principle, this provides us access to a free-standing NanoZyme that can 
be extracted from the reaction as and when needed.  
5.3.4 Mechanism of peroxidase-mimic activity of the free-standing Ag@Fabric 
NanoZyme 
 
Having established the intrinsic NanoZyme characteristics of the Ag@Fabric, the next 
step was to determine the mechanism of the catalytic oxidation of TMB. It has been suggested 
that the oxidation of peroxidase substrate occurs through the generation of •OH radicals, which 
is a result of H2O2 decomposition.18-19, 21, 28 The reaction mechanism of peroxidase-mimic 
activity of the free-standing Ag@Fabric NanoZyme can be given as shown in equation 5.2 and 
5.3: 
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Figure 5.7: Fluorescence spectra of terephthalic acid solution under different reaction 
conditions: in (a), (i) Ag@Fabric + TA, (ii) Ag@Fabric + H2O2, (iii) TA + H2O2 and (iv) 
Ag@Fabric + TA + H2O2. In (b), (i) Ag@Fabric + TA + H2O2, (ii) Ag@Fabric + TA + H2O2 
+ AA (0.01 mM), (iii) Ag@Fabric + TA + H2O2 + AA (0.1 mM), (iv) Ag@Fabric + TA + H2O2 
+ AA (0.5 mM), (v) Ag@Fabric + TA + H2O2 + AA (5 mM) and (vi) Ag@Fabric + TA + H2O2 
+ AA (10 mM). The florescence spectra were recorded at an excitation wavelength of 315 nm.  
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To understand if the activity of the Ag@Fabric NanoZyme involved •OH radical 
generation, terephthalic acid (TA) was employed as a fluorogenic probe to capture •OH 
radicals. TA reacts with •OH radicals to form highly fluorescent 2-hydroxyterephthalic acid, 
whose fluorescent intensity at ca. 435 nm is directly proportional to the amount of •OH radicals 
produced during the reaction.62 Figure 5.7a shows a dramatic increase in the fluorescence 
response in the presence of Ag@Fabric, while control treatments showed minimal or no 
fluorescence response. To further validate the mechanism, the same TA assay was performed 
in the presence of ascorbic acid, a well-known antioxidant.4, 63 As the ascorbic acid molecules 
can sequester any reactive oxygen species that are generated by the Ag@Fabric through 
catalytic degradation of H2O2 (•OH radicals in the current case); in the presence of ascorbic 
acid, less amount of •OH radicals will be available to convert TA into fluorescent 2-
hydroxyterephthalic acid. As shown in Figure 5.7b, the fluorescence intensity continues to 
reduce as a function of ascorbic acid concentration. This confirms that the NanoZyme activity 
of the Ag@Fabric was a result of its ability to generate •OH radicals that facilitated the 
oxidation of TMB. It is important to note that the mechanism studied for other peroxidase-
mimic NanoZymes in this thesis (chapter 3, section 3.3.3, and chapter 4, section 4.3.4) is 
similar to that observed for the current study which involves the generation of •OH radicals 
during the decomposition of H2O2 by the Ag@Fabric NanoZyme. 
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5.3.5 Steady-state kinetic assay of free-standing Ag@Fabric NanoZyme 
 
 
Figure 5.8: Steady-state kinetic analysis of the free-standing Ag@Fabric NanoZyme. In (a), 
the concentration of H2O2 was 10 mM and the TMB concentration was varied between 0.025-
1 mM and in (b), the concentration of TMB was 0.2 mM and the H2O2 concentration was varied 
between 2-20 mM.  
For the development of an enzyme-based sensor, it is important to determine the 
apparent steady-state kinetic parameters such as Michaelis-Menten constant (Km) and 
maximum initial velocity of the reaction (Vmax). Typical Michaelis-Menten curves were 
observed for both TMB (Figure 5.8a) and H2O2 (Figure 5.8b). The corresponding Lineweaver-
Burk plots showed well-defined linear fits both TMB (Figure 5.9a) and H2O2 (Figure 5.9b) and 
kinetic parameters such as Km and Vmax were obtained. Considering that Km represents the 
affinity of the NanoZyme to the substrate,21, 64-65 a lower Km value is desirable, as it would 
indicate the higher affinity of NanoZyme to the substrate. 
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Figure 5.9: Double reciprocal plots for the catalytic activity of free-standing Ag@Fabric 
NanoZyme, in which the concentrations of (a) TMB or (b) H2O2 are fixed in respective cases, 
while the other is varied. 
In contrast, a higher Vmax is desirable, as it would correspond to the rapidity of the 
reaction. As shown in Table 5.1, the Km for TMB is significantly lower than that for H2O2 
suggesting that in the presence of high amounts of H2O2, the free-standing Ag@Fabric 
NanoZyme can react even with significantly lower concentrations of the substrate to achieve 
maximum catalytic activity. In contrast, the Vmax values for both TMB and H2O2 are 
comparable. The comparison of the Km and Vmax values of the free-standing Ag@Fabric 
NanoZyme with previously reported colloidal NanoZymes shows that the new NanoZyme 
proposed here has both these kinetic parameters close to a desirable scenario of a low Km and 
high Vmax (Table 5.1). Other reported NanoZymes that show low Km, also show a poor Vmax, 
thereby making the reaction slower (or vice versa, i.e. high Vmax associated with an undesirably 
high Km). Another notable observation is that most of the kinetic parameters of the free-
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standing Ag@Fabric NanoZyme are in fact better than those of the natural horseradish 
peroxidase (HRP) enzyme. 
Table 5.1: Comparison of the apparent Michaelis-Menten constant (Km) and maximum 
reaction rate (Vmax) between the free-standing Ag@Fabric NanoZyme, previously-reported 
colloidal NanoZymes, and a natural peroxidase enzyme. 
Catalyst 
TMB     H2O2 
Km / 
mM 
Vmax / 
10-8 Ms-1 
Km / 
mM 
Vmax / 10-8 
Ms-1 
CuNPs 66 1.047 3.97 31.26 26.4 
Ag/rGO 67  0.85 3.82 20.92 6.23 
Au NPs/PVP-GNs 68 2.63 13.04 104 11.98 
CuS cluster 69  0.648 5.96 29.16 4.22 
BNNS@CuS 70 0.175 3.76 25 12.5 
Fe3O4  nanoparticles 6  0.098 3.44 154 9.78 
Co3O4 nanocubes 71 0.037 6.27 140.07 12.1 
RuO2 nanoparticles 72  0.236 - 212 - 
ZnFe2O4 MNPs 18 0.85 13.31 1.66 7.74 
TiO2@CeOx 73 0.28 0.65 6.29 0.34 
Graphene/Au-NPs 74 0.29 5.6 274.22 25.6 
CuO 75  25 10.49 400 16.1 
Zn-CuO 75 10 2.87 71 0.3 
Horseradish peroxidase 6 0.43 10.0 3.70 8.71 
Free-standing Ag@Fabric  0.19 15.10 7.61 14.40 
 
This highlights the importance of the use of cotton-based templates for immobilising 
NanoZymes that may positively influence the outcomes of the catalytic and enzyme-mimetic 
reactions by facilitating high catalyst loading, improving access to catalytic sites as well as 
through bringing the reactants in close vicinity of the NanoZyme due to the absorbent nature 
of the cotton fabric. 
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5.3.6 Colorimetric glucose sensing using the free-standing Ag@Fabric NanoZyme 
 
It is well-known that H2O2 is the primary intermediate product of the glucose oxidase 
(GOx)-catalysed oxidation of glucose.76 The conventional approach of glucose sensing 
involves the use of an additional peroxidase enzymes that interacts with the H2O2 produced 
during GOx-catalysed oxidation of glucose to allow H2O2 quantification, indirectly resulting 
in glucose sensing.77 Considering the many issues associated with natural peroxidases, the most 
important being cost and poor stability, NanoZymes have been proposed as a viable alternative 
to facilitate glucose sensing. In most reports so far, such NanoZymes have been in the colloidal 
form. Their use during molecular sensing may cause multiple issues, ranging from well-known 
issue of nanoparticle aggregation in complex biological fluids, to formation of a biological 
corona onto the nanoparticle surface, leading to inconsistent outcomes.78 Although it has been 
suggested that the NanoZyme activity is not significantly affected due to the aggregation 
process, the formation of protein corona is likely to have significant influence on the ability of 
these NanoZymes to access the target analyte.3-4 The use of adsorbent cotton fabrics as a 
supporting template facilitates rapid access to glucose and other biomolecules by the supported 
NanoZymes, thereby potentially avoiding formation of biological surface corona within the 
timeframe of the sensing event. The resultant improved NanoZyme efficiency of Ag@Fabric 
is in fact reflected from the kinetic parameters discussed in context of previous reports in Table 
5.1. As such, the improved access to the target analyte by the free-standing Ag@Fabric 
NanoZyme has remarkable potential for accurate detection of glucose in complex biological 
fluids. Further, short analysis time, easy-to-read results and quantification are vital 
characteristics of a functional sensor, which may be potentially achieved with these free-
standing NanoZymes. In addition to these, a distinguishing feature of free-standing 
nanostructured materials is the ability to extract the NanoZyme following the reaction, which 
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is particularly important as colloidal NanoZymes can interfere with the colorimetric response. 
For instance, gold nanoparticles can interfere with the colorimetric response due to their 
inherent size-dependent SPR properties.79-82 This means that ruby red colour of gold 
nanoparticles can turn into blue due to aggregation in complex fluids, which will interfere with 
the blue product obtained from TMB oxidation. The use of a free-standing NanoZyme can 
negate such unwarranted effects as the NanoZyme can easily be removed from the medium 
post-reaction.   
 
Figure 5.10: Linear calibration plots obtained using the free-standing Ag@Fabric NanoZyme 
sensor for different concentrations of glucose after 5 min of the sensing event. The error bars 
represent standard deviation of five independent measurements. (L-R) Inset shows the 
photographs of the blue product obtained for different concentrations of glucose (0.0, 0.1, 0.2, 
0.5, 0.75, 1.0, 1.5 and 2.0 mM) presented on the linear calibration plot.  
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Keeping these in mind, the catalytic strength of the free-standing Ag@Fabric 
NanoZyme was combined with GOx to develop a colorimetric method for glucose detection, 
which is an important indicator for the diagnosis of diabetes and associated complications.29, 83 
To investigate the utility of this system as a quantitative method for glucose detection, 
a series of glucose solutions with concentrations ranging from 0 to 10 mM were first exposed 
to Ag@Fabric NanoZyme with GOx. Figure 5.10 shows the typical sensor response, where a 
linear relationship between the sensor response and glucose concentration is observed within 
the tested glucose concentration range within 5 min of reaction time. The sensor shows a 
distinct linear relationship for glucose concentrations ranging from 0.1–2 mM (y=0.21x+0.053, 
R2= 0.9960), which was subsequently used for glucose quantification. It is important to note 
that even in this lower concentration range relevant to the biological glucose concentration 
levels, the generation of colour was visible to the naked eye, such that the blue colour could be 
observed for glucose concentrations as low as 0.1 mM (inset in Figure 5.10). Important sensor 
parameters such as limit of detection (LoD), precision and accuracy were calculated. A LoD of 
0.08 mM was obtained with a linear dynamic range of 0.1–2 mM. The precision and accuracy 
of the sensor, as assessed by performing 20 repeats using 1 mM glucose concentration, led to 
a precision of 94.7%, while showing 100% accuracy at 5% confidence level. It is important to 
note that based on the time-dependent kinetics (Figure 5.5), the reaction increases rapidly at 
initial time-points and saturates at 5 min. Following this, there was minimal change to the 
absorbance. Therefore, the color is stable after 5 min of the sensing event. Additionally, as the 
nanoparticles embedded in the fabric drive the reaction forward, once the fabric is removed, 
the reaction will cease and no change in the absorbance will be observed. 
Having established the ability of the free-standing Ag@Fabric NanoZyme sensor to 
detect glucose, the next important step was to determine whether the sensor continues to 
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respond specifically in the presence of glucose. To establish this selectivity, the sensor response 
was assessed with four additional glucose analogues viz. lactose, sucrose, fructose, and maltose, 
under the same conditions.  
 
Figure 5.11: Selectivity of the Ag@Fabric NanoZyme sensor for glucose detection when (a) 
exposed to glucose (1 mM) and glucose analogues (2 mM), independently. Inset: (L-R) 
photographs obtained after 5 min of reaction solution; (b) exposed to glucose analogues (2mM) 
in combination with glucose (1 mM). 
Figure 5.11a shows that the sensor responds specifically in the presence of glucose 
while showing a minimal response (1.5-5.5% in comparison to glucose) from other non-target 
molecules even though the concentration of non-target molecules (lactose, sucrose, fructose, 
and maltose) is twice of that of glucose. To further assess the influence of these non-target 
molecules, when they are simultaneously present with glucose, additional experiments were 
performed where a fixed concentration of glucose (1 mM) was added in combination with twice 
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the concentrations of the interfering molecules (Figure 5.11b). The sensor response was not 
significantly influenced (less than 3% variation) even in the presence of these interfering 
molecules outlining the robustness of the colorimetric NanoZyme sensor for glucose sensing.  
Considering the promising sensor performance of the free-standing Ag@Fabric 
NanoZyme sensor in an ideal scenario, the practical applicability of these sensors was validated 
to detect glucose in human urine. Urine was the preferred choice as in diabetic patients with 
poor blood glucose control, and in certain nephrogenic disorders such as Fanconi syndrome, a 
condition called hyperglucuria (or glucosuria or glycosuria) is developed. In this condition, any 
glucose in excess to the glucose renal threshold of kidneys (~10–11 mM) is excreted in the 
urine.84 In contrast, in a healthy individual, the glucose levels vary between 0–0.8 mM.30  
Table 5.2: Comparison of the results of glucose analysis in urine sample collected from a 
diabetic patient and a healthy volunteer by using NanoZyme approach, glucose oxidase-
horseradish peroxidase (GOx–POD) and using a commercially available glucometer. 
Method 
Diabetic volunteer Healthy volunteer 
Est. glucose 
conc. /mMa 
Recovery 
(%)b 
Est. glucose 
conc. /mMa 
Recovery 
(%)b 
GOx–POD 16.5 ± 0.48  0.52 ± 0.01  
Glucometer 13.6 ± 3.1 57-104 Undetectable - 
Ag@Fabric NanoZyme 16.6 ± 0.39 97-103 0.52 ± 0.02 94-104 
aAverage ± SD (n = 5)                     
b(Measured value / GOx–POD method value) ×100 
 
Human urine samples were collected from two volunteers viz. a healthy person and a 
person with Type II diabetes. Three approaches were used to estimate the amount of glucose 
present in the urine sample to assess the practical applicability of the free-standing Ag@Fabric 
NanoZyme sensors for real-world glucose sensing in urine. These included a commercial 
glucose meter (AconBiotech) that is designed to detect glucose in blood and is based on glucose 
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oxidase (GOx)-mediated electrochemical sensing; a well-known glucose oxidase-peroxidase 
(GOx-POD) approach as the laboratory gold standard; and the free-standing Ag@Fabric 
NanoZyme colorimetric sensor prepared in the current study. The comparative performance of 
these three approaches for the detection of glucose in urine is summarised in Table 5.2. On 
analysis of the urine sample from the diabetic volunteer, the gold standard GOx-POD approach 
estimated the urine glucose level to be 16.5 ± 0.48 mM. In contrast, the commercial sensor 
typically prescribed for detecting blood glucose showed a high variability in the sensor 
response, where a standard deviation of 3.1 and a recovery of 57–104% (when compared with 
GOx-POD approach) was obtained. In addition, it also underestimated the actual amount of 
glucose concentration by 0.8 times suggesting that commercial blood glucometers are not 
suitable for glucose estimation in urine. The free-standing Ag@Fabric NanoZyme sensor 
estimated the urine glucose level to be 16.6 ± 0.39 mM with a recovery of 97–103% (when 
compared with the GOx–POD approach). This suggests that the response corresponding to 
free-standing Ag@Fabric NanoZyme sensor is comparable to the clinical gold standard GOx–
POD approach. Additionally, the low standard deviation and high recovery further shows the 
robustness of the sensor system. Similar outcomes were obtained on analysis of the urine 
sample from the healthy volunteer. In this case, the gold standard GOx–POD approach 
estimated the urine glucose level to be 0.52 ± 0.01 mM. In contrast, the Ag@Fabric NanoZyme 
colorimetric sensor showed comparable results, while the commercial sensor did not show any 
response. This is unsurprising as the prescribed detectable range for the glucometer is 1–20 
mM, while the glucose concentration in the urine of healthy volunteer was well below the 
prescribed detectable range. These outcomes suggest that the newly developed Ag@Fabric 
NanoZyme sensor system can be a viable alternative to the gold standard test for glucose 
estimation. Importantly, the complex biological fluid shows minimal or no effect on the sensor 
performance, signifying the importance of free-standing NanoZymes for sensing applications. 
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This biological non-interference may be attributed to the speed of reaction (low Km and high 
Vmax) that allows the sensor to generate a colorimetric response without interference from the 
biological environment. 
Table 5.3: Comparison of the results of glucose analysis in urine sample detected by the 
commercial glucometer, glucose oxidase-peroxidase (GOx-POD), and free-standing 
Ag@Fabric NanoZyme approach. 
Original 
amount 
(mM)a 
Additional 
glucose 
added 
(mM) 
Expected 
(mM) 
GOx-POD approach 
(mM) 
Ag@Fabric NanoZyme 
approach (mM) 
Est. glucose 
conc. /mMb 
Recovery 
(%)c 
Est. glucose 
conc. /mMb 
Recovery 
(%)c 
0.52 
0 0.52 0.52 ± 0.01 97-102 0.52 ± 0.02 94–104 
2 2.52 2.51 ± 0.05 97-100 2.50 ± 0.11 94–104 
5 5.52 5.56 ± 0.18 98-106 5.49 ± 0.10 97–102 
10 10.52 10.5 ± 0.23 98-104 10.56 ± 0.11 99–101 
15 15.52 15.5 ± 0.11 99-101 15.47 ± 0.44 97–103 
The urine sample for this experiment was collected from a healthy volunteer. 
aOriginal amount was calculated by GOx-POD approach. 
bAverage ± SD (n = 5)  
c(Measured value / Expected value) x100 
 
 In order to further evaluate the effectiveness of the Ag@Fabric NanoZyme sensor to 
quantify glucose in urine, the urine samples obtained from the healthy volunteer were spiked 
with different concentrations of glucose. Table 5.3 shows the expected and obtained 
quantification results from the GOx–POD method and the Ag@Fabric NanoZyme sensor. It is 
evident that the Ag@Fabric NanoZyme colorimetric sensor system showed outstanding 
performance in estimating the glucose levels in human urine where a recovery rate of 94–104% 
was obtained for all the tested biologically-relevant concentrations.  
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Figure 5.12: Plot of the catalytic activity for ten successive cycles using Ag@Fabric as a 
catalyst for the detection of 1 mM glucose. 
An additional potential advantage of a free-standing NanoZyme is their potential 
reusability for sensing. The reusability of Ag@Fabric sensors was tested for up to 10 cycles of 
catalytic reaction (the fabrics were washed three times with water and added into a fresh 
reaction), where a minimal loss in the activity (<10%) was observed (Figure 5.12). This 
highlights the excellent recyclable performance of the free-standing NanoZyme sensor. The 
reusability data also suggests that the AgNPs on the surface of the fabric remain stable 
following the reaction as AgO will have a different catalytic efficiency to Ag. 
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5.4 Conclusions 
 
In summary, this study explored for the first time, a free-standing NanoZyme by 
establishing the intrinsic peroxidase-mimic activity of Ag nanoparticles embedded within the 
3D matrix of a cotton fabric. The Ag@Fabric shows the ability to catalyse the oxidation of 
TMB through the generation of •OH radicals. The kinetic parameters of the free-standing 
NanoZyme show better performance than those of the natural horseradish peroxidase (HRP) 
enzyme. Similar to natural enzymes, this catalytic activity was strongly dependent on the 
amount of catalytically-active Ag nanoparticles, pH, temperature and time. The use of cotton 
fabric as a template allows access to high number of catalytically active sites that promote the 
catalytic reaction to completion within minutes. The real-time applicability of the Ag@Fabric 
NanoZyme-based sensor was evaluated for the detection of glucose in urine. The potential of 
these NanoZymes for glucose sensing was first established to obtain a linear dynamic operating 
range of 0.1–2 mM. The practical applicability of using this sensor for glucose monitoring in 
complex biological fluids such as urine was also assessed by testing samples from a healthy 
and a diabetic individual. The free-standing Ag@Fabric NanoZyme sensor showed comparable 
results with the well-established GOx-POD method. The high accuracy and precision of the 
Ag@Fabric NanoZyme sensor platform could possibly be attributed to the absorbent nature of 
the cotton fabrics that facilitates the access of glucose and other important biomolecules to the 
close proximity of the sensor surface. Such free-standing NanoZymes supported on various 
substrates are likely to find new applications in naked-eye colorimetric detection of various 
biomolecules, particularly for those molecules, where the analyte target concentration is 
expected to be reasonably high. 
 
  
     Page 184 
  
Chapter 5 
5.5 References 
 
1. Weerathunge, P.; Sharma, T. K.; Ramanathan, R.; Bansal, V., Nanozyme-Based 
Environmental Monitoring. In Advanced Environmental Analysis: Applications of 
Nanomaterials, Hussain, C. M.; Kharisov, B., Eds. Royal Society of Chemistry: Cambridge, 
2016; Vol. 2, 108-132. 
2. Zhou, Y.; Liu, B.; Yang, R.; Liu, J., Filling in the Gaps between Nanozymes and 
Enzymes: Challenges and Opportunities. Bioconjugate Chem. 2017, 28, 2903-2909. 
3. Wei, H.; Wang, E., Nanomaterials with Enzyme-Like Characteristics (Nanozymes): 
Next-Generation Artificial Enzymes. Chem. Soc. Rev. 2013, 42, 6060-6093. 
4. Wang, X.; Hu, Y.; Wei, H., Nanozymes in Bionanotechnology: From Sensing to 
Therapeutics and Beyond. Inorg. Chem. Front. 2016, 3, 41-60. 
5. Karim, M. N.; Singh, M.; Weerathunge, P.; Bian, P.; Zheng, R.; Dekiwadia, C.; Ahmed, 
T.; Walia, S.; Della Gaspera, E.; Singh, S.; Ramanathan, R.; Bansal, V., Visible-Light-
Triggered Reactive-Oxygen-Species-Mediated Antibacterial Activity of Peroxidase-Mimic 
Cuo Nanorods. ACS Appl. Nano Mater. 2018, 1, 1694-1704. 
6. Gao, L.; Zhuang, J.; Nie, L.; Zhang, J.; Zhang, Y.; Gu, N.; Wang, T.; Feng, J.; Yang, 
D.; Perrett, S., Intrinsic Peroxidase-Like Activity of Ferromagnetic Nanoparticles. Nat. 
Nanotechnol. 2007, 2, 577-583. 
7. Nasir, M.; Nawaz, M. H.; Latif, U.; Yaqub, M.; Hayat, A.; Rahim, A., An Overview on 
Enzyme-Mimicking Nanomaterials for Use in Electrochemical and Optical Assays. 
Microchim. Acta 2017, 184, 323-342. 
8. Yang, B.; Li, J.; Deng, H.; Zhang, L., Progress of Mimetic Enzymes and Their 
Applications in Chemical Sensors. Crit. Rev. Anal. Chem. 2016, 46, 469-481. 
9. He, W.; Wamer, W.; Xia, Q.; Yin, J.-j.; Fu, P. P., Enzyme-Like Activity of 
Nanomaterials. J. Environ. Sci. Health. C 2014, 32, 186-211. 
10. Han, L.; Li, C.; Zhang, T.; Lang, Q.; Liu, A., Au@ Ag Heterogeneous Nanorods as 
Nanozyme Interfaces with Peroxidase-Like Activity and Their Application for One-Pot 
Analysis of Glucose at Nearly Neutral Ph. ACS Appl. Mater. Interfaces 2015, 7, 14463-14470. 
11. Tao, Y.; Ju, E.; Ren, J.; Qu, X., Bifunctionalized Mesoporous Silica-Supported Gold 
Nanoparticles: Intrinsic Oxidase and Peroxidase Catalytic Activities for Antibacterial 
Applications. Adv. Mater. 2015, 27, 1097-1104. 
12. Weerathunge, P.; Ramanathan, R.; Shukla, R.; Sharma, T. K.; Bansal, V., Aptamer-
Controlled Reversible Inhibition of Gold Nanozyme Activity for Pesticide Sensing. Anal. 
Chem. 2014, 86, 11937-11941. 
13. Jiang, H.; Chen, Z.; Cao, H.; Huang, Y., Peroxidase-Like Activity of Chitosan 
Stabilized Silver Nanoparticles for Visual and Colorimetric Detection of Glucose. Analyst 
2012, 137, 5560-5564. 
14. Sharma, T. K.; Ramanathan, R.; Weerathunge, P.; Mohammadtaheri, M.; Daima, H. 
K.; Shukla, R.; Bansal, V., Aptamer-Mediated ‘Turn-Off/Turn-On’nanozyme Activity of Gold 
Nanoparticles for Kanamycin Detection. Chem. Commun. 2014, 50, 15856-15859. 
  
     Page 185 
  
Chapter 5 
15. Ma, M.; Zhang, Y.; Gu, N., Peroxidase-Like Catalytic Activity of Cubic Pt 
Nanocrystals. Colloids Surf. A. 2011, 373, 6-10. 
16. Dong, J.; Song, L.; Yin, J.-J.; He, W.; Wu, Y.; Gu, N.; Zhang, Y., Co3o4 Nanoparticles 
with Multi-Enzyme Activities and Their Application in Immunohistochemical Assay. ACS 
Appl. Mater. Interfaces 2014, 6, 1959-1970. 
17. Chen, Z.; Yin, J.-J.; Zhou, Y.-T.; Zhang, Y.; Song, L.; Song, M.; Hu, S.; Gu, N., Dual 
Enzyme-Like Activities of Iron Oxide Nanoparticles and Their Implication for Diminishing 
Cytotoxicity. ACS Nano 2012, 6, 4001-4012. 
18. Su, L.; Feng, J.; Zhou, X.; Ren, C.; Li, H.; Chen, X., Colorimetric Detection of Urine 
Glucose Based Znfe2o4 Magnetic Nanoparticles. Anal. Chem. 2012, 84, 5753-5758. 
19. Liu, Y.; Yuan, M.; Qiao, L.; Guo, R., An Efficient Colorimetric Biosensor for Glucose 
Based on Peroxidase-Like Protein-Fe3o4 and Glucose Oxidase Nanocomposites. Biosens. 
Bioelectron. 2014, 52, 391-396. 
20. Su, L.; Qin, W.; Zhang, H.; Rahman, Z. U.; Ren, C.; Ma, S.; Chen, X., The 
Peroxidase/Catalase-Like Activities of Mfe2o4 (M=Mg, Ni, Cu) Mnps and Their Application 
in Colorimetric Biosensing of Glucose. Biosens. Bioelectron. 2015, 63, 384-391. 
21. Singh, M.; Weerathunge, P.; Liyanage, P. D.; Mayes, E.; Ramanathan, R.; Bansal, V., 
Competitive Inhibition of the Enzyme-Mimic Activity of Gd-Based Nanorods toward Highly 
Specific Colorimetric Sensing of L-Cysteine. Langmuir 2017, 33, 10006-10015. 
22. Wang, G.-L.; Xu, X.-F.; Qiu, L.; Dong, Y.-M.; Li, Z.-J.; Zhang, C., Dual Responsive 
Enzyme Mimicking Activity of Agx (X= Cl, Br, I) Nanoparticles and Its Application for 
Cancer Cell Detection. ACS Appl. Mater. Interfaces 2014, 6, 6434-6442. 
23. Shi, W.; Wang, Q.; Long, Y.; Cheng, Z.; Chen, S.; Zheng, H.; Huang, Y., Carbon 
Nanodots as Peroxidase Mimetics and Their Applications to Glucose Detection. Chem. 
Commun. 2011, 47, 6695-6697. 
24. Su, L.; Xiong, Y.; Yang, H.; Zhang, P.; Ye, F., Prussian Blue Nanoparticles 
Encapsulated inside a Metal-Organic Framework Via in Situ Growth as Promising Peroxidase 
Mimetics for Enzyme Inhibitor Screening. J. Mater. Chem. B. 2016, 4, 128-134. 
25. Li, B.; Chen, D.; Wang, J.; Yan, Z.; Jiang, L.; Duan, D.; He, J.; Luo, Z.; Zhang, J.; 
Yuan, F., Mofzyme: Intrinsic Protease-Like Activity of Cu-Mof. Sci. Rep. 2014, 4, 6759. 
26. Zhang, Y.; Wang, F.; Liu, C.; Wang, Z.; Kang, L.; Huang, Y.; Dong, K.; Ren, J.; Qu, 
X., Nanozyme Decorated Metal–Organic Frameworks for Enhanced Photodynamic Therapy. 
ACS Nano 2018, 12, 651-661. 
27. Wang, Z.; Dong, K.; Liu, Z.; Zhang, Y.; Chen, Z.; Sun, H.; Ren, J.; Qu, X., Activation 
of Biologically Relevant Levels of Reactive Oxygen Species by Au/G-C3n4 Hybrid Nanozyme 
for Bacteria Killing and Wound Disinfection. Biomater. 2017, 113, 145-157. 
28. Jiang, X.; Sun, C.; Guo, Y.; Nie, G.; Xu, L., Peroxidase-Like Activity of Apoferritin 
Paired Gold Clusters for Glucose Detection. Biosens. Bioelectron. 2015, 64, 165-170. 
29. Norhammar, A.; Tenerz, Å.; Nilsson, G.; Hamsten, A.; Efendíc, S.; Rydén, L.; 
Malmberg, K., Glucose Metabolism in Patients with Acute Myocardial Infarction and No 
Previous Diagnosis of Diabetes Mellitus: A Prospective Study. Lancet 2002, 359, 2140-2144. 
30. Fine, J., Glucose Content of Normal Urine. Br. Med. J. 1965, 1, 1209-1214. 
  
     Page 186 
  
Chapter 5 
31. Khachadurian, A. K.; Khachadurian, L. A., The Inheritance of Renal Glycosuria. Am. 
J. Hum. Genet. 1964, 16, 189-194. 
32. Ju, H., Functional Nanomaterials and Nanoprobes for Amplified Biosensing. Appl. 
Mater. Today 2018, 10, 51-71. 
33. Lee, S.; Lee, J.; Park, S.; Boo, H.; Kim, H. C.; Chung, T. D., Disposable Non-
Enzymatic Blood Glucose Sensing Strip Based on Nanoporous Platinum Particles. Appl. 
Mater. Today 2018, 10, 24-29. 
34. Yánez-Sedeño, P.; Campuzano, S.; Pingarrón, J. M., Janus Particles for (Bio)Sensing. 
Appl. Mater. Today 2017, 9, 276-288. 
35. Muhamadali, H.; Subaihi, A.; Mohammadtaheri, M.; Xu, Y.; Ellis, D. I.; Ramanathan, 
R.; Bansal, V.; Goodacre, R., Rapid, Accurate, and Comparative Differentiation of Clinically 
and Industrially Relevant Microorganisms Via Multiple Vibrational Spectroscopic 
Fingerprinting. Analyst 2016, 141, 5127-5136. 
36. Zohora, N.; Kumar, D.; Yazdani, M.; Rotello, V. M.; Ramanathan, R.; Bansal, V., 
Rapid Colorimetric Detection of Mercury Using Biosynthesized Gold Nanoparticles. Colloids 
Surf. A. 2017, 532, 451-457. 
37. Le, N. D.; Yesilbag Tonga, G.; Mout, R.; Kim, S. T.; Wille, M. E.; Rana, S.; Dunphy, 
K. A.; Jerry, D. J.; Yazdani, M.; Ramanathan, R., Cancer Cell Discrimination Using Host-
Guest'doubled'arrays. J. Am. Chem. Soc. 2017, 139, 8008–8012. 
38. Chrimes, A. F.; Khoshmanesh, K.; Stoddart, P. R.; Kayani, A. A.; Mitchell, A.; Daima, 
H.; Bansal, V.; Kalantar-Zadeh, K., Active Control of Silver Nanoparticles Spacing Using 
Dielectrophoresis for Surface-Enhanced Raman Scattering. Anal. Chem. 2012, 84, 4029-4035. 
39. Dhiman, A.; Kalra, P.; Bansal, V.; Bruno, J. G.; Sharma, T. K., Aptamer-Based Point-
of-Care Diagnostic Platforms. Sens. Actuat. B. 2017, 246, 535-553. 
40. Kandjani, A. E.; Mohammadtaheri, M.; Thakkar, A.; Bhargava, S. K.; Bansal, V., Zinc 
Oxide/Silver Nanoarrays as Reusable Sers Substrates with Controllable 'Hot-Spots' for Highly 
Reproducible Molecular Sensing. J. Colloid Interf. Sci. 2014, 436, 251-257. 
41. Kandjani, A. E.; Sabri, Y. M.; Mohammad-Taheri, M.; Bansal, V.; Bhargava, S. K., 
Detect, Remove and Reuse: A New Paradigm in Sensing and Removal of Hg (Ii) from 
Wastewater Via Sers-Active Zno/Ag Nanoarrays. Environ. Sci. Technol. 2015, 49, 1578-1584. 
42. Sabri, Y. M.; Ippolito, S. J.; Atanacio, A. J.; Bansal, V.; Bhargava, S. K., Mercury 
Vapor Sensor Enhancement by Nanostructured Gold Deposited on Nickel Surfaces Using 
Galvanic Replacement Reactions. J. Mater. Chem. 2012, 22, 21395-21404. 
43. Sabri, Y. M.; Ippolito, S. J.; O'Mullane, A. P.; Tardio, J.; Bansal, V.; Bhargava, S. K., 
Creating Gold Nanoprisms Directly on Quartz Crystal Microbalance Electrodes for Mercury 
Vapor Sensing. Nanotechnol. 2011, 22, 305501. 
44. Sabri, Y. M.; Ippolito, S. J.; Tardio, J.; Bansal, V.; O'Mullane, A. P.; Bhargava, S. K., 
Gold Nanospikes Based Microsensor as a Highly Accurate Mercury Emission Monitoring 
System. Sci. Rep. 2014, 4, 6741  
45. Selvakannan, P.; Ramanathan, R.; Plowman, B. J.; Sabri, Y. M.; Daima, H. K.; 
O'Mullane, A. P.; Bansal, V.; Bhargava, S. K., Probing the Effect of Charge Transfer 
Enhancement in Off Resonance Mode Sers Via Conjugation of the Probe Dye between Silver 
Nanoparticles and Metal Substrates. Phys. Chem. Chem. Phys. 2013, 15, 12920-12929. 
  
     Page 187 
  
Chapter 5 
46. Chen, W.; Chen, J.; Feng, Y.-B.; Hong, L.; Chen, Q.-Y.; Wu, L.-F.; Lin, X.-H.; Xia, 
X.-H., Peroxidase-Like Activity of Water-Soluble Cupric Oxide Nanoparticles and Its 
Analytical Application for Detection of Hydrogen Peroxide and Glucose. Analyst 2012, 137, 
1706-1712. 
47. Han, K. N.; Choi, J.-S.; Kwon, J., Gold Nanozyme-Based Paper Chip for Colorimetric 
Detection of Mercury Ions. Sci. Rep. 2017, 7, 2806. 
48. Ramanathan, R.; Walia, S.; Kandjani, A. E.; Balendran, S.; Mohammadtaheri, M.; 
Bhargava, S. K.; Kalantar-zadeh, K.; Bansal, V., Low-Temperature Fabrication of Alkali 
Metal–Organic Charge Transfer Complexes on Cotton Textile for Optoelectronics and Gas 
Sensing. Langmuir 2015, 31, 1581-1587. 
49. Anderson, S. R.; Mohammadtaheri, M.; Kumar, D.; O'Mullane, A. P.; Field, M. R.; 
Ramanathan, R.; Bansal, V., Robust Nanostructured Silver and Copper Fabrics with Localized 
Surface Plasmon Resonance Property for Effective Visible Light Induced Reductive Catalysis. 
Adv. Mater. Interfaces 2016, 3, 1500632. 
50. Ramanathan, R.; Kandjani, A. E.; Walia, S.; Balendhran, S.; Bhargava, S. K.; Kalantar-
zadeh, K.; Bansal, V., 3-D Nanorod Arrays of Metal-Organic Ktcnq Semiconductor on Textiles 
for Flexible Organic Electronics. RSC Adv. 2013, 3, 17654-17658. 
51. Mohammadtaheri, M.; Ramanathan, R.; Bansal, V., Emerging Applications of Metal-
Tcnq Based Organic Semiconductor Charge Transfer Complexes for Catalysis. Catal. Today 
2016, 278, 319-329. 
52. Peng, J.; Weng, J., Enhanced Peroxidase-Like Activity of Mos2/Graphene Oxide 
Hybrid with Light Irradiation for Glucose Detection. Biosens. Bioelectron. 2017, 89, 652-658. 
53. Dong, Y.-l.; Zhang, H.-g.; Rahman, Z. U.; Su, L.; Chen, X.-j.; Hu, J.; Chen, X.-g., 
Graphene Oxide-Fe3o4 Magnetic Nanocomposites with Peroxidase-Like Activity for 
Colorimetric Detection of Glucose. Nanoscale 2012, 4, 3969-3976. 
54. Agasti, S. S.; Rana, S.; Park, M. H.; Kim, C. K.; You, C. C.; Rotello, V. M., 
Nanoparticles for Detection and Diagnosis. Adv. Drug Delivery Rev. 2010, 62, 316-328. 
55. Boisselier, E.; Astruc, D., Gold Nanoparticles in Nanomedicine: Preparations, Imaging, 
Diagnostics, Therapies and Toxicity. Chem. Soc. Rev. 2009, 38, 1759-1782. 
56. Eustis, S.; El-Sayed, M. A., Why Gold Nanoparticles Are More Precious Than Pretty 
Gold: Noble Metal Surface Plasmon Resonance and Its Enhancement of the Radiative and 
Nonradiative Properties of Nanocrystals of Different Shapes. Chem. Soc. Rev. 2006, 35, 209-
217. 
57. Hu, M.; Chen, J.; Li, Z. Y.; Au, L.; Hartland, G. V.; Li, X.; Marquez, M.; Xia, Y., Gold 
Nanostructures: Engineering Their Plasmonic Properties for Biomedical Applications. Chem. 
Soc. Rev. 2006, 35, 1084-1094. 
58. Sepúlveda, B.; Angelomé, P. C.; Lechuga, L. M.; Liz-Marzán, L. M., Lspr-Based 
Nanobiosensors. Nano Today 2009, 4, 244-251. 
59. Anker, J. N.; Hall, W. P.; Lyandres, O.; Shah, N. C.; Zhao, J.; Van Duyne, R. P., 
Biosensing with Plasmonic Nanosensors. Nat. Mater. 2008, 7, 442-453. 
60. Khlebtsov, N. G.; Dykman, L. A., Optical Properties and Biomedical Applications of 
Plasmonic Nanoparticles. J. Quant. Spectrosc. Radiat. Transfer 2010, 111, 1-35. 
  
     Page 188 
  
Chapter 5 
61. Bansal, V.; Syed, A.; Bhargava, S. K.; Ahmad, A.; Sastry, M., Zirconia Enrichment in 
Zircon Sand by Selective Fungus-Mediated Bioleaching of Silica. Langmuir 2007, 23, 4993-
4998. 
62. Ishibashi, K.-i.; Fujishima, A.; Watanabe, T.; Hashimoto, K., Quantum Yields of 
Active Oxidative Species Formed on Tio 2 Photocatalyst. J. Photochem. Photobiol. A. 2000, 
134, 139-142. 
63. Xu, X.; Chueh, C.-C.; Yang, Z.; Rajagopal, A.; Xu, J.; Jo, S. B.; Jen, A. K. Y., Ascorbic 
Acid as an Effective Antioxidant Additive to Enhance the Efficiency and Stability of Pb/Sn-
Based Binary Perovskite Solar Cells. Nano Energy 2017, 34, 392-398. 
64. Garcia-Viloca, M.; Gao, J.; Karplus, M.; Truhlar, D. G., How Enzymes Work: Analysis 
by Modern Rate Theory and Computer Simulations. Science 2004, 303, 186. 
65. Lineweaver, H.; Burk, D., The Determination of Enzyme Dissociation Constants. J. 
Am. Chem. Soc. 1934, 56, 658-666. 
66. Wang, N.; Li, B.; Qiao, F.; Sun, J.; Fan, H.; Ai, S., Humic Acid-Assisted Synthesis of 
Stable Copper Nanoparticles as a Peroxidase Mimetic and Their Application in Glucose 
Detection. J. Mater. Chem. B. 2015, 3, 7718-7723. 
67. Darabdhara, G.; Sharma, B.; Das, M. R.; Boukherroub, R.; Szunerits, S., Cu-Ag 
Bimetallic Nanoparticles on Reduced Graphene Oxide Nanosheets as Peroxidase Mimic for 
Glucose and Ascorbic Acid Detection. Sens. Actuators B: Chem. 2017, 238, 842-851. 
68. Chen, X.; Tian, X.; Su, B.; Huang, Z.; Chen, X.; Oyama, M., Au Nanoparticles on 
Citrate-Functionalized Graphene Nanosheets with a High Peroxidase-Like Performance. 
Dalton Trans. 2014, 43, 7449-7454. 
69. Hu, L.; Yuan, Y.; Zhang, L.; Zhao, J.; Majeed, S.; Xu, G., Copper Nanoclusters as 
Peroxidase Mimetics and Their Applications to H2o2 and Glucose Detection. Anal. Chim. Acta 
2013, 762, 83-86. 
70. Zhang, Y.; Wang, Y.-N.; Sun, X.-T.; Chen, L.; Xu, Z.-R., Boron Nitride Nanosheet/Cus 
Nanocomposites as Mimetic Peroxidase for Sensitive Colorimetric Detection of Cholesterol. 
Sens. Actuators B: Chem. 2017, 246, 118-126. 
71. Mu, J.; Wang, Y.; Zhao, M.; Zhang, L., Intrinsic Peroxidase-Like Activity and 
Catalase-Like Activity of Co3o4 Nanoparticles. Chem. Commun. 2012, 48, 2540-2542. 
72. Deng, H.; Shen, W.; Peng, Y.; Chen, X.; Yi, G.; Gao, Z., Nanoparticulate 
Peroxidase/Catalase Mimetic and Its Application. Chem. Eur. J. 2012, 18, 8906-8911. 
73. Artiglia, L.; Agnoli, S.; Paganini, M. C.; Cattelan, M.; Granozzi, G., Tio2@Ceox Core–
Shell Nanoparticles as Artificial Enzymes with Peroxidase-Like Activity. ACS Appl. Mater. 
Interfaces 2014, 6, 20130-20136. 
74. Liu, M.; Zhao, H.; Chen, S.; Yu, H.; Quan, X., Interface Engineering Catalytic 
Graphene for Smart Colorimetric Biosensing. ACS Nano 2012, 6, 3142-3151. 
75. Nagvenkar, A. P.; Gedanken, A., Cu0.89zn0.11o, a New Peroxidase-Mimicking 
Nanozyme with High Sensitivity for Glucose and Antioxidant Detection. ACS Appl. Mater. 
Interfaces 2016, 8, 22301-22308. 
  
     Page 189 
  
Chapter 5 
76. Liu, Y. L.; Zhao, X. J.; Yang, X. X.; Li, Y. F., A Nanosized Metal–Organic Framework 
of Fe-Mil-88nh 2 as a Novel Peroxidase Mimic Used for Colorimetric Detection of Glucose. 
Analyst 2013, 138, 4526-4531. 
77. Oliver, N. S.; Toumazou, C.; Cass, A. E. G.; Johnston, D. G., Glucose Sensors: A 
Review of Current and Emerging Technology. Diabetic Med. 2009, 26, 197-210. 
78. Carnovale, C.; Bryant, G.; Shukla, R.; Bansal, V., Size, Shape and Surface Chemistry 
of Nano-Gold Dictate Its Cellular Interactions, Uptake and Toxicity. Prog. Mater. Sci. 2016, 
83, 152-190. 
79. Amendola, V.; Pilot, R.; Frasconi, M.; Maragò, O. M.; Latì, M. A., Surface Plasmon 
Resonance in Gold Nanoparticles: A Review. J. Phys. Condens. Matter 2017, 29, 203002. 
80. Huang, X.; El-Sayed, M. A., Gold Nanoparticles: Optical Properties and 
Implementations in Cancer Diagnosis and Photothermal Therapy. J. Adv. Res. 2010, 1, 13-28. 
81. Zeng, S.; Yong, K.-T.; Roy, I.; Dinh, X.-Q.; Yu, X.; Luan, F., A Review on 
Functionalized Gold Nanoparticles for Biosensing Applications. Plasmonics 2011, 6, 491. 
82. Wang, S.; Chen, W.; Liu, A.-L.; Hong, L.; Deng, H.-H.; Lin, X.-H., Comparison of the 
Peroxidase-Like Activity of Unmodified, Amino-Modified, and Citrate-Capped Gold 
Nanoparticles. ChemPhysChem 2012, 13, 1199-1204. 
83. Tenerz, Å.; Lönnberg, I.; Berne, C.; Nilsson, G.; Leppert, J., Myocardial Infarction and 
Prevalence of Diabetes Mellitus. Is Increased Casual Blood Glucose at Admission a Reliable 
Criterion for the Diagnosis of Diabetes? Eur. Heart J. 2001, 22, 1102-1110. 
84. Polidori, D.; Sha, S.; Ghosh, A.; Plum-Mörschel, L.; Heise, T.; Rothenberg, P., 
Validation of a Novel Method for Determining the Renal Threshold for Glucose Excretion in 
Untreated and Canagliflozin-Treated Subjects with Type 2 Diabetes Mellitus. J. Clin. 
Endocrinol. Metab. 2013, 98, E867-E871. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Page 190 Chapter 6 
Chapter 6  
Conclusions and future work 
 
 
 
 
 
 
 
 
 
 
 
This chapter summarises the key findings of the work presented in this thesis and provides 
scope for potential future endeavours. 
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6.1 Summary of key findings 
The work presented in this thesis outlines the applicability of the peroxidase-mimic 
NanoZyme activity of different nanomaterials. The work is an attempt to improve the catalytic 
efficiency of the NanoZyme by (i) changing the morphological characteristics, (ii) using light 
as an external trigger and (iii) incorporating the NanoZymes on 3D templates. The work 
presented herein suggests that these parameters had a large influence on the peroxidase-mimic 
NanoZyme activity. Specifically, these parameters were observed to have a large influence on 
the catalytic activity of the NanoZyme when the reaction was carried out in different pH and 
temperatures. This in fact allowed the modulation of the kinetic parameters (Km and Vmax), 
which had a large influence on its biological applications.  
 The first part of the work was focused on changing the morphology of nanoparticles to 
control the NanoZyme activity. Chapter III shows the fabrication of 2D ultra-thin CuS 
NanoZymes using a liquid phase exfoliation approach. The importance of 2D morphology to 
accelerate the reaction kinetics through the availability of a large number of catalytic sites was 
first established. The high catalytic activity due to enhanced production of hydroxyl radical, a 
highly reactive oxygen species (ROS), was used to control the growth of pathogenic bacteria. 
The antibacterial performance assessment showed that the CuS NanoZyme could control the 
growth of both Gram-negative bacteria Escherichia coli (E. coli) and Gram-positive bacteria 
Staphylococcus aureus (S. aureus) where over 90% death was observed within 6 h. The 
enhanced ROS production also showed high efficiency in breaking down existing biofilms as 
well as preventing new biofilm formation.  
The development of photoactive NanoZymes offers a promising avenue to use light as 
a “trigger” to modulate the bacterial activity. This is because light offers high spatiotemporal 
resolution without the need for a physical contact. The work outlined in Chapter IV shows the 
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development of a semiconducting copper oxide nanorods (CuO NRs) where the favourable 
energy-band structure of CuO NRs allows stimulation by visible light (λ ≥ 400 nm). This work 
established the concept that photoillumination has the potential to modulate the peroxidase-
mimic catalytic performance of CuO NRs by enhancing its affinity to H2O2. This remarkably 
accelerates the generation of ROS by 20 times even at low concentrations of H2O2. This 
enhanced ROS production leads to improved antibacterial performance against Gram-negative 
E. coli where ROS-induced physical damage resulted in the rapid denaturation of bacterial 
cells. 
The use of high concentrations of NanoZyme to develop sensors has the potential to 
interfere with visible measurement of the sensor response. This is a major limitation in sensor 
development. The work presented in Chapter V addresses this issue by developing a free-
standing peroxidase-mimic NanoZyme for the rapid detection of glucose in complex biological 
fluids. The ability to immobilize NanoZymes on highly absorbent surfaces allows the catalyst 
to be removed from the reaction medium, while also allowing a high number of NanoZymes 
to participate in the reaction. The work outlines the ability to embed peroxidase-mimic silver 
nanoparticles within the 3D matrix of a cotton fabric. The availability of a high amount of 
NanoZymes drives the catalytic reaction to completion within minutes. The potential of this 
system in the detection of glucose was then established where the performance was either 
significantly better or comparable to commercial systems. 
The main focus of the current work is on using materials engineering approaches to 
develop new NanoZyme materials, it is important to understand the influence of morphology 
and other factors in enhancing the catalytic activity. Considering that NanoZymes are enzyme-
mimicking nanoparticles, the strategies used for calculating the catalytic parameters and 
efficiencies of natural enzymes can also be applied for NanoZymes. In the context of catalytic 
Page 193 Chapter 6 
parameters, for each of the NanoZyme used in this body of work, the steady state parameters 
such as Michaelis-Menten constant (Km) and maximum velocity (Vmax) have been calculated 
and presented in the relevant chapters (a summary of which is presented in Table 6.1). It has 
been suggested that although the steady state parameters such as Km and Vmax holds for most 
enzymes, the equation used to derive these parameters does not depend on the relatively simple 
two-step reaction mechanism as originally proposed by Michaelis and Menten. This is because 
the real meaning of Km and Vmax may differ from one enzyme to the other. Additionally, the 
calculation of Kcat, which is the catalytic constant that measures the number of substrate 
molecules turned over by enzymes per second can also be used to determine catalytic 
efficiency. Although Km and Kcat evaluate the kinetic efficiency of the NanoZyme, either 
parameter alone is not sufficient to determine the catalytic efficiency. Therefore, one way to 
compare the catalytic activity of NanoZymes is to compare the ratio of Kcat/Km. This is called 
the specificity constant. Based on this new parameter, the specificity constant for each of the 
NanoZyme used in the current work is shown in Table 6.1. 
Table 6.1: A comparison of the catalytic constant (Kcat), Michaelis-Menten constant (Km) and 
the specificity constant (Kcat/Km) of CuS nanosheets, CuO nanorods and Ag@Fabric 
NanoZymes. 
NanoZymes Kcat (10-5 s-1)a Km (M)b Kcat/Km (10-3 s-1 M-1)c 
CuS nanosheets 20.34 0.0066 30.81 
CuO nanorods (Dark) 1.52 0.0148 1.02 
CuO nanorods (Light) 27.68 0.0034 81.41 
Ag@Fabric 1.88 0.0076 2.47 
aKcat is the catalytic constant of the NanoZymes determined by [Vmax in M/s]/[Enzyme    
concentration in Molar] 
       bKm indicates Michaelis-Menten constant of the NanoZymes 
       cKcat/Km indicates specificity constant of the NanoZymes 
As shown in the Table 6.1, without any external stimuli it is evident that the specificity 
constant obtained for 2D CuS was significantly higher than that obtained for 1D CuO and 3D 
Ag@Fabric. The specificity constant of CuS was ~30 fold higher versus CuO and ~12.4 fold 
Page 194 Chapter 6 
higher versus Ag@Fabric. This suggests that 2D morphology had the highest influence on the 
catalytic efficiency. This is because, 2D materials are reported to have (i) large number of 
active sites to drive the catalytic reaction;1-2 (ii) interesting electronic properties that may create 
different reactivity on 2D crystals;3 and (iii) tunable electronic states.4 Although morphological 
characteristics can have a large influence on the catalytic properties, it is important to note that 
the material composition can also play a critical role in influencing the catalytic efficiency.5-6 
Therefore, the observed results only indicate one of the possible governing factors to enhance 
the catalytic efficiency. Another interesting observation was in the case of 1D CuO where the 
specificity constant was also calculated when light was used as an external stimulus. This 
resulted in the highest specificity constant among all the materials. This further suggests that 
in addition to morphological characteristics, the favourable band-gap and other optical and 
electronic properties can influence the catalytic efficiency.  
It is well-known that the NanoZyme activity increases as a function of nanoparticle 
concentration.7-8 In the case of both, CuO and CuS, the NanoZyme activity increases as a 
function of the nanoparticle concentration where the activity saturates after 20-25 min based 
on the nanoparticle employed. This is in line with the literature where the activity saturates at 
some concentrations following which it is only the kinetics of the reaction that changes i.e. the 
saturation point is achieved faster. Based on the Figure 3.5c (CuS) and Figure 4.8c (CuO), it is 
clear that CuS has better catalytic performance. At 25 ppm for CuS NanoZyme, the OD value 
of 1 is obtained within 15 min of the reaction where it saturates. In contrast, for CuO 
NanoZyme, the OD value of ~ 0.55 is obtained only after 20 min of the reaction from which 
the reaction saturates. This suggests that in addition to the surface copper atoms/ions, in the 
case of both CuS and CuO the nanomaterial composition itself has a large influence in dictating 
the catalytic NanoZyme activity.    
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6.2 Potential for future work 
While this research shows much progress in synthesising and improving the catalytic 
efficiency of NanoZymes for antibacterial/antibiofilm and biosensing applications, a 
significant amount of work still needs to be performed to realise the full potential of 
NanoZymes in clinical settings. While studies presented in this thesis performed antibacterial 
activity in vitro, it is essential to establish the working of this system first in mammalian cell 
model and further testing in vivo. For instance, after realising the toxicity profile of NanoZymes 
on mammalian cells, a photoactivable NanoZyme based “Band-Aid” could be developed for 
effective killing of bacteria in wounds. In terms of biosensing, taking the advantages of 
templating and colorimetric responses of NanoZymes, point-of-care diagnostic devices could 
be designed that can monitor different targets on a real-time basis. 
As a young field of research, there are still a lot of unknowns and challenges remaining 
to be tackled. So far most of the studied nanomaterials mimic oxido-reductase based enzymes. 
It is of paramount importance to explore other enzyme-mimic activity. The current redox 
NanoZymes mostly rely on a few models of chromogenic or fluorogenic substrates such as 
OPD, ABTS, TMB, and dopamine. While these are convenient and useful for bioassay, it is 
also important to explore other potential substrates with higher extinction coefficient. This will 
potentially allow for higher sensitivity thereby improving sensor performance. Additionally, it 
would be of significant value to obtain substrate specificity in NanoZymes. This could be 
achieved through the development of artificial substrate binding pockets that will allow only a 
specific substrate to be in the vicinity of the NanoZyme. Such work will indeed improve the 
field and will improve the translational capabilities of NanoZymes. Overall as an emerging 
field of research, there are many challenges to overcome and the work presented in this thesis 
is a small stepping in the field of nanobiotechnology.  
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